
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/146584

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/146584


Modulation of proinflammatory cytokines 

# / s > C D 1 4 ^ - J T t F - ^ - ^ Esel IL-4,IL-5 

Mihai G. Netea 





Modulation of proinflammatory cytokines 

Mihai G. Netea 



Cover "The gordian node" or ' Why dinosaurs survived so long" 

design by Jonathan en Jos van der Meei 

The financial support of Novo Nordisk Pharma BV S С SCIMCC Transcoin SA Sibili ROMGAZ RA Medias and 

Fundada Ardcalul 94 Medias for the publication of tins thesis is gralcfulh acknowledged 

ISBN 90-9011691-1 

Copv right b\ M G Nctca 

No pari of this book ma\ be reproduced or transmitted in am form or b\ am mc<iiis electronic or mechanical 
including photocops recording or am information storage and ictnc\<il s\slem without permission in \witing from 
the author 

file:///witing


Modulation of proinflammatory cytokines 

Een wetenschappelijke proeve 

op het gebied van de Medische Wetenschappen 

Proefschrift 

ter verkrijging van de graad van doctor aan de 

Katholieke Universiteit Nijmegen, 

volgens besluit van het College van Decanen in het 

openbaar te verdedigen op woensdag 17 juni 1998 

des namiddags om 1.30 uur precies 

door 

Mihai Gheorghe Netea 

geboren op 25 december 1968 te Cluj-Napoca, Roemenie 



Promotores: Prof. Dr. J.W.M, van der Meer 

Prof. Dr. A.F.H. Stalenhoef 

Co-promotores: Dr. B.J. Kullberg 

Dr. P.N.M. Demacker 

Manuscriptcommissie: Prof. Dr. J.J.H.H.M. de Pont 

Prof. Dr. С Figdor 

Prof. Dr. ThJ.C. van Berkel (RUL) 

The studies presented in this thesis were performed at the Department of 

Medicine (Head: Prof. Dr. J.W.M. van der Meer), University Hospital Nijmegen, 

The Netherlands 



"Go and get your things " he said. "Dreams mean work " 

Paulo Coelho - By the river Piedra I sat down and wept 

Pentru Romana 





Table of contents 

Chapter 1 Introduction 11 

Chapter 2 A semi-quantitative reverse transcriptase polymerase chain reaction 29 

method for measurement of mRNA for TNFct and IL-Iß in 

whole blood cultures: Its application in typhoid fever and 

exentric exercise. 

Cytokine 1996; 8:739-744 

Modulation of proinflammatory cytokines by pharmacologic agents 

Chapter 3 A short course of oral aspirin increases IL-18-induced interferon-γ 45 

production in whole-blood cultures, 

submitted 

Chapter 4 Pharmacologic inhibitors of tumor necrosis factor production exert 57 

differential effects in lethal endotoxemia and in infection with live 

microorganisms in mice. 

J. Infect. Dis. 1995; 171:393-399 

Chapter 5 The effects of dexamethasone and chlorpromazine on tumour 81 

necrosis factor-α, interleukin-lß, interleukin-1 receptor antagonist 

and interleukin-10 in human volunteers. 

Immunology 1997; 91:548-552 

Chapter б The effect of renin-angiotensin system inhibitors on pro- and 97 

antiinflammatory cytokine production. 

Immunology, in press 



Chapter 7 Modulation of the pro- and antiinflammatory cytokine 111 

balance by amphotericin B. 

J. Antimicrob. Chemother, in press 

Modulation of proinflammatory cytokines by lipoproteins 

Chapter 8 Low-density lipoprotein receptor-deficient mice are protected 129 

against lethal endotoxemia and severe Gram-negative infections. 

J. Clin. Invest. 1996; 1366-1372 

Chapter 9 Bacterial lipopolysaccharide binds and stimulates cytokine-producing 155 

cells before neutralization by endogenous lipoproteins can occur. 

Cytokine, in press 

Chapter 10 The dense low-density lipoprotein (LDL) subfractions are more 175 

potent than buoyant LDL for binding and neutralization of 

lipopolysaccharide. 

submitted 

Chapter 11 Lipoprotein (a) inhibits the lipopolysaccharide-induced tumor 189 

necrosis factor-alpha production by human mononuclear cells. 

Infect. Immun, in press 

Chapter 12 Increased interleukin-la and interleukin-lß production by 201 

macrophages of low-density lipoprotein receptor knock-out mice 

stimulated with lipopolysccharide is CD1 lc/CDl 8 - receptor mediated, 

submitted 

Chapter 13 LPS-induced cytokine production and expression of ß2-intcgrins 225 

and CD14 by peripheral blood mononuclear cells of patients with 

homozygous familial hypercholesterolemia. 

Atherosclerosis, conditionally accepted 



Chapter 14 LPS-induced cytokine production and expression of LPS-receptors 241 

by peripheral blood mononuclear cells of patients with familial 

hypercholesterolemia and the effect of HMG-CoA reductase inhibitors. 

Atherosclerosis in press 

Chapter 15 Hyperlipoproteinemia enhances susceptibility to acute disseminated 255 

Candida albicans infection in low-density-lipoprotein receptor 

knock-out mice. 

Infect. Immun. 1997; 65:2663-2667 

Chapter 16 Infusion of lipoproteins into human volunteers enhances the 275 

growth of Candida albicans, 

submitted 

Cytokine interactions 

Chapter 17 Lipopolysaccharide-induced production of tumor necrosis factor 287 

and interleukin-1 is differentially regulated at the receptor level -

the role of CD14-dependent and CD14-independent pathways. 

Immunology, in press 

Chapter 18 Soluble murine inlerleukin-1 receptor type I liberates constitutive 303 

intcrleukin-la release, 

submitted 

Chapter 19 Recombinant murine granulocyte colony-stimulating factor 323 

protects against acute disseminated Candida albicans infection 

in non-neutropenic mice. 

J. Infect. Dis. 1998; 177:175-181 



Cytokines and metabolism 

Chapter 20 The role of hyperuricemia in the increased cytokine 345 

production after lipopolysaccharide challenge in neutropenic mice. 

Blood 1997; 89: 577-582. 

Chapter 21 Interleukin-1, tumour necrosis factor and interleukin-1 receptor 363 

antagonist in newly diagnosed insulin-dependent diabetes mellitus: 

comparison to long-standing diabetes and healthy individuals. 

Cytokine, 1997; 9:284-287. 

Chapter 22 Summary and conclusion 373 

Samenvatting en conclusies 397 

Sumar si concluzii 407 

Dankwoord 417 

Curriculum vitae 419 



Chapter 1 

Introduction 



12 Chapter 1 

INTRODUCTION 

Perspective 

People are fascinated by dinosaurs. Probably because dinosaurs were the ancient Masters 

of the Earth, and because they disappeared in the Cretacious-Tertiary boundary extinction 

65 million years ago. Without the retreat of dinosaurs from the scene of evolution, the 

growth of humans as new Masters of the World would not have been possible. But are the 

dinosaurs or humans real masters? Because in the dinosaur era as well as now, beings 

more powerful existed: the microorganisms. 

Which are the criteria for supremacy? Age or evolution time? Bacteria are much older 

than we are. Succesful reproduction and miriads of offsprings? Humans cannot compare 

with them. Maybe intelligence? 

With our human elitarism we like to think we are superior. However, the fight for 

supremacy is far from over, and our most formidable opponents are the same ancient 

enemies: the microorganisms. In the combat against these enemies we have developed an 

immune system, but they learned to evade it. We have invented antibiotics, they 

developed skills to resist them. The war is going on, and it is very doubtful it will ever 

end. It is a difficult fight and we must be permanently on guard. 

The present thesis represents a minuscule moment of the battle, and others, now and in the 

future, have to find new answers which will enable us to maintain the equilibrium in this 

endless war, in order to avoid the fate of dinosaurs. 
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Background 

When a human being or an animal is invaded by a pathogenic microorganism, multiple 

cellular and humoral responses are assembled to mount an efficient defense. As in modern 

war, there is a key factor deciding the result of the battle: information. In our battle-for-life 

against the invading microorganisms, information comes to the various arms of the 

immune system in the form of a complex network of proteins: the cytokines. 

The discovery of cytokines has its roots in the very early observations of the 18th century, 

when the induction of artificial fever for therapeutic purposes was experimentally realized 

by Albrecht von Haller, by injecting putrid material into animals (1). In the 19th century, 

Pasteur and Lister developed the "germ theory" that postulated that infections arc caused 

by microorganisms. At this point it was not clear whether inflammation and fever was 

produced by microorganisms themselves or the microorganisms induce the production of 

inflammatory substances by the host. In the first decades of the 20th century, the concept 

that leukocyte products cause fever has developed, and in 1943 Menkin proposed that 

leukocytes release a soluble factor named "pyrexin", responsible for the febrile response. 

Although probably these initial preparations were contaminated with bacterial products, 

the concept proved to be true, and in 1955, carefully performed experiments by Atkins and 

Wood describe a "circulating pyrogen" during experimental fever in rabbits (2). In the late 

70's, synthesis of a variety of protein mediators by leukocytes have been demonstrated, 

some of them with pyrogenic properties. Later on, with the quick expansion of this class 

of molecules, the generic name "cytokines" was given to these leukocyte products, and it 

became apparent that they have much broader and important roles in the development of 

the immune response. 

When a host is invaded by a microorganism, multiple lines of defense are employed to 

limit and eliminate the pathogen. The first line of defense is represented by the skin and 

the mucosa, forming an impermeable barrier for the vast majority of microorganisms. 

When this barrier is penetrated, a quick intervention of the immune system is triggered in 
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order to limit the inavasion of the tissues and to eliminate the infection. This immune 

response has on the one hand a non-specific arm directed against a broad spectrum of 

microorganisms (e.g. the complement system, phagocytosis and killing of pathogens by 

neutrophils, NK cells), and on the other hand specific cellular and humoral immune 

responses directed against specific pathogens (3). The generation and maintenance of a 

finely tuned immune response requires a tight control, realized by cytokines (4). Because 

of the increasing number of cytokines which have been described and of the very diverse 

functions they have during an immune response, it is very difficult to divide them into 

rigidly defined classes. However, based primarily on their main functions, there arc 

several major groups which can be envisaged: the pro- and antiinflammatory cytokines 

(playing a central role in inflammatory reactions), the cytokines regulating the specific 

cellular and/or humoral responses (their production inducing a particular type of immune 

response), chemokines (giving signals for the migration of leukocytes), and colony 

stimulating factors (inducing proliferation of certain immune progenitors) (5). The aim of 

the present thesis was to gain some more insight in the regulation of the proinflammatory 

cytokines, with the hope that this would help the better understanding of the immune 

response as a whole. 

The proinflammatory cytokines are small (8-26 kilodaltons), non-structural, highly active 

proteins synthesized mainly by the cells of the immune system such as 

monocytes/macrophages, lymphocytes, granulocytes, but also other cell types: epithelial 

and endothelial cells, and fibroblasts. They are usually absent or produced in very low 

amounts in the normal state, but their production is strongly stimulated by bacterial 

products and other inflammatory stimuli, and they serve to further activate the 

inflammatory response aimed to counteract the growth of microorganisms inside the host. 

The most important proinflammatory cytokines are considered to be tumor necrosis 

factor-α (TNF) (6) and interleukin-1 β (IL-1) (7), but other cytokines with 

proinflammatory properties have been described, such as interferon-γ (IFNy) (8), IL-12 

(9), and IL-18 (10). TNF and IL-1 activate the neutrophils and macrophages to 

phagocytose and kill the invading pathogens, stimulate the production of reactive oxygen 
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species employed in these killing mechanisms, promote the expression of adhesion 

molecules and synthesis of chemokmes to direct and control migration of leukocytes to 

the site of infection, induce expression of major histocompatibility complex class II 

molecules and activate Τ lymphocytes, induce the synthesis of acute phase proteins, and 

have an important role in the induction of granuloma formation (11) Due to these very 

important stimulatory effects, the local production of proinflammatory cytokines is 

absolutely necessary for a potent host defense against infection This has been 

demonstrated in various models of knock-out mice lacking functional cytokines or 

cytokine receptors, which are more susceptible to various infections, especially with 

intracellular pathogens or fungi (12), (13), (14) 

But "too much of a good thing is bad" also applies to host defense in infections, and 

overwhelming production of proinflammatory cytokines such as TNFa, IL-1Ü or IFNy 

may also have deletenous effects (15) When a strong stimulation of monocytes and 

macrophages by bacterial products results in overproduction of cytokines with high 

systemic concentrations, this may lead to endothelial cell damage, fluid extravasation, 

hypotension, disseminated intravascular coagulation, organ failure, and eventually death 

(16), (17) The concept of "lethal cytokinemia" has been proposed for this phenomenon 

(18) Treatment of animals with anti-TNF antibodies attenuates the lethal effects of the 

hpopolysacchande (LPS) component of the Gram-negative bacteria and improves survival 

in Gram-negative sepsis (19), (20) A protective effect can also be obtained by treatment 

of animals with either of the natural antagonists of TNF or IL-1, soluble TNF receptors or 

IL-1 receptor antagonist (21), (22) In addition, patients suffering from severe infections 

have high systemic concentrations of proinflammatory cytokines (23),(24), and this 

correlates with a poor outcome (25) 

These data strongly suggest that proinflammatory cytokines are central mediators in the 

inflammatory reactions leading to septic shock, and modulation of proinflammatory 

cytokines production in sepsis may prove both beneficial and necessary (26) Indeed, 

despite the optimism that started in the 1950's regarding treatment of infections based on 
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the discovery of powerful antibiotics, the mortality due to septic shock did not decrease 

during the last decades (27). It is currently believed that inhibition of bacterial growth with 

antibiotics should be accompanied by modulation of the bacterial-host interactions, 

including modulation of cytokine production, in order to avoid harmful overstimulation of 

the immune system and to be able to achieve optimal results of the treatment (28). 

Because the clinical trials aimed to counteract the deleterious effects of high cytokine 

levels have been disappointing to date, a better understanding of the role and modulation 

of proinflammatory cytokines during health and disease is urgently needed before 

successful therapies can be designed and employed in humans. The aim of the present 

thesis is to obtain more insight in the modulation of proinflammatory cytokines, in order 

to help the understanding of the complexity of the cytokine network, and in the hope that 

this information may prove useful for the development of new, inovative anti-cytokine 

strategies. 

Outline of the thesis 

For the study of modulation of proinflammatory cytokines in various states, circulating 

cytokine concentrations alone often give only an incomplete picture in terms of cytokine 

responsiveness of the host, and information about the cytokine production capacity by the 

host cells is needed. Whole blood cultures are a commonly used method for assessment of 

cytokine production by human cells (29), (30), but very little is known about 

transcriptional regulation of cytokine production in this system. In Chapter 2 of this thesis, 

a new method is described for the assessment of cytokine production and regulation at the 

transcriptional level after ex-vivo stimulation of whole blood. The possibilities of its usage 
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are exemplified by the application of the method in patients with typhoid fever and in 

volunteers after exentnc exercise 

In the attempt to inhibit the deletenous effects of high proinflammatory cytokine 

concentrations, many strategies can be employed A first target is the inhibition of 

cytokine production itself, and a large variety of pharmacological agents have been shown 

to influence cytokine synthesis In the first section of the thesis, "Modulation of 

proinflammatory cytokines by pharmacologic agents", comprising Chapters 3 to 7, we 

asked the question to which extent some well-known pharmacological agents are able to 

modulate cytokine production 

Acetylsahcilic acid has a well-documented inhibitory effect on prostaglandin production 

(31) Since prostaglandins are also potent inhibitors of cytokine synthesis (32), it has been 

shown that oral aspirin administration resulted in increased cytokine production capacity 

in response to LPS, PHA or IL-1 (33) Recently, LPS-induced IFNy production has been 

shown to be dependent on costimulation by the newly described cytokine IL-18 (34) 

Because no data are available regarding the influence of prostaglandins on IL-18-induced 

IFNy synthesis, the question we asked in Chapter 3 was whether oral aspirin administered 

to healthy volunteers would influence the production of IFNy stimulated by a combination 

of IL-18 and LPS 

Chlororomazine, pentoxifylline and thalidomide are drugs shown to inhibit the TNF 

production capacity in vitro Due to the central role played by TNF in the events leading to 

septic shock, this inhibition may have a therapeutic value The effects of pharmacologic 

modulation of TNF by chlororomazine, pentoxifylline and thalidomide in various 

experimental models of septic shock such as lethal endotoxemia, Klebsiella pneumoniae 

and Candida albicans sepsis are presented in Chapter 4 The potential use of 

chlororomazine m anti-cytokine strategies m humans is investigated in Chapter 5 and its 

effect is compared to that of dexamethasone 
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It has been recently demonstrated that angiotensin II has potent inflammatory actions, 

including Chemotaxis (35) and stimulation of the cytokine platelet-derived growth factor 

formation (36), while ACE inhibitors, a major class of antihypertensive drugs which block 

the production of angiotensin II, are able to inhibit cytokine synthesis in vitro (37). In 

Chapter 6 we asked whether inhibitors of the renin-angiotensin system, such as the ACE 

inhibitor Captopril and the angiotensin Π receptor blocker valsarían, are able to diminsh 

cytokine synthesis in vitro and after in vivo administration in human volunteers. 

In the last chapter of the first section of the thesis we investigated the cytokine modulatory 

properties of amphotericin B, one of the most commonly used antifungal agents. In 

addition to its beneficial antifungal actions, amphotericin В treatment is hampered by 

severe acute side effects such as fever and chills, and it has been suggested that at least 

part of these effects are mediated through induction of proinflammatory cytokines (38), 

(39). In Chapter 7 we asked the question whether amphotericin В is able, on the one hand, 

to stimulate production of proinflammatory cytokines such as TNF and IL-1 and, on the 

other hand, to reduce synthesis of the antiinflammatory cytokine IL-1 receptor antagonist 

(IL-IRa). An imbalance between the pro- and antiinflammatory cytokine production 

would have profound effects on the inflammatory status of the organism. 

Apart from the attempt to reduce cytokine production by means of pharmacological 

treatment, a second strategy employed for modulation of cytokine production aims to 

neutralize the various bacterial products responsible for the induction of cytokines. The 

LPS component of the Gram-negative bacteria cell wall is one of the most potent stimuli 

for cytokine production and its neutralization has been suggested to be beneficial in Gram-

negative sepsis. Once LPS enters into the bloodstream, its interaction with LPS-binding 

protein (LBP) leads either to transfer of endotoxin to the CD 14 receptor on the cell 

membrane and stimulation of cytokine production (40), or to transfer of LPS to 

lipoprotein particles and formation of lipoprotein-LPS complexes (41). Binding of LPS 

to lipoproteins inhibits acute cytokine production (42), and this has proven beneficial in 

endotoxemia (43) or experimental Gram-negative infections (44). For this reason, 



Introduction 19 

infusion of reconstituted lipoproteins has been proposed as an adjunctive therapy for 

Gram-negative sepsis. In the second part of the thesis, "Modulation of proinflammatory 

cytokines by lipoproteins", including Chapters 8-16, we asked the question how the 

lipoprotein-LPS interaction takes place, and how this interaction influences cytokine 

production and outcome in severe infections. 

The effect of hyperlipoproteinemia in low-density receptor knock-out (LDLR-/-) mice on 

LPS-induced cytokine production and on the outcome in experimental models of lethal 

endotoxemia or Gram-negative infection is assessed in Chapter 8. In Chapter 9 we asked 

the question why humans are not protected against the deleterious effects of endotoxemia, 

despite a 10 to 1000-fold molar excess of lipoproteins over LPS even during the most 

severe infections (45). In contrast, a further 5 to 10-fold increase of this ratio in the various 

experimental models of hyperlipoproteinemia has proven beneficial. We investigated the 

hypothesis that the kinetics of LPS binding to cells and lipoproteins differ and play an 

important role in this phenomenon. 

All the major lipoprotein subclasses including HDL (42), LDL (45), and VLDL (46) are 

able to inhibit LPS-induced cytokine production. Despite of the fact that LDL is the most 

potent lipoprotein subfraction for neutralization of LPS (47), no data are available 

regarding potential differences in LPS-neutralizing capacity between the various LDL 

subclasses, which are differentiated on the basis of their chemical composition and 

structure (48). In Chapter 10 we asked the question whether these differences may result 

in a different pattern of LPS neutralization. In addition, in Chapter 11 we investigated 

whether lipoprotein (a) (Lp(a)), an LDL-like particle with very large interindividual 

differences in plasma concentrations, can also bind LPS and inhibit cytokine induction. 

In addition to their capacity to bind and neutralize LPS, lipoproteins may influence 

cytokine production capacity by acting at the level of the cells responsible for the cytokine 

production. It has been shown that hypocholesterolemia decreased the expression of 

CD 14, the main LPS receptor, and that LDL suppletion restored normal expression (49). 
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Furthermore, cholesterol can also modulate the clustering of other GPI-linked receptors 

(50). We have addressed the question whether hyperlipoproteinemia could influence the 

capacity of cells from LDLR-/- mice (Chapter 12) or patients with familial 

hypercholesterolemia (Chapter 13 and 14) to respond with cytokine production when 

stimulated with LPS. 

Due to the capacity of lipoproteins to bind and neutralize LPS, it has been proposed to use 

reconstituted HDL (rHDL) as an adjunctive therapy in Gram-negative sepsis. However, 

because the differential diagnosis between Gram-negative and other types of sepsis is 

often impossible based only on clinical grounds, and due to the fact that microorganisms 

such as Candida albicans and Staphylococcus species grow better in lipid-rich 

environments (51), (52), it is important to know how would lipoproteins influence the 

course of infections produced by these microorganisms. The answer to this question is 

sought in Chapter 15, where we investigated the effects of hyperlipoproteinemia in 

LDLR-/- mice on the outcome of systemic candidiasis, and in Chapter 16, where the effect 

of rHDL infusion in healthy volunteers on the growth of Candida albicans was assessed. 

Cytokine interactions. Apart from influencing the various cellular and humoral 

components of the immune system, an important biological effect of cytokines is to 

modulate the synthesis of other cytokines in an autocrine, paracrine and endocrine manner, 

resulting in a complex network of signals. In Chapters 17-19, we investigated the role 

played by various receptors and cytokines in the modulation of cytokine synthesis. CD 14 

is the most important LPS receptor (53), although CD14-independent mechanisms for 

endotoxin stimulation have also been proposed, especially at high LPS concentrations 

(54). We investigated the importance of CD14 for the LPS stimulation of cytokines in 

Chapter 17. 

Another strategy employed to modulate the effects of proinflammatory cytokines is to 

bind and neutralize the cytokines after their production. Anti-cytokine neutralizing 
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antibodies or soluble receptors have been used for this purpose, since they can antagonize 

the binding of IL-1 to the membrane receptors, thus reducing its effects. Recombinant 

forms of the soluble IL-1 receptor type I have been developed and they do not differ from 

the membrane forms in terms of binding characteristics. It has been shown that 

administration of sIL-lRI is able to improve survival of heart allografts (55), protects from 

experimental immune diabetes (56) and improves the course of active arthritis (57). In 

Chapter 18 we addressed the question whether a murine recombinant soluble IL-1R type I 

is able to modulate the IL-1 production and bioactivity after release by isolated mouse 

macrophages in vitro. 

Cytokine production is also modulated by other cytokines in a complex network. 

Granulocyte-colony stimulating factor (G-CSF) is a cytokine which, in addition to its role 

in the increase the number of neutrophils in circulation, can have a potent inhibitory effect 

on proinflammatory cytokine production (58). In Chapter 19 we investigated the role 

played by G-CSF in the modulation of proinflammatory cytokines and its effect on the 

outcome of systemic candidiasis. 

Cytokines and metabolism. Cytokine production and modulation during pathologic 

metabolic states were investigated in Chapters 20 and 21. It has been previously shown 

that cytokine production is greater after the inflammatory challenge of neutropenic 

animals, when compared with non-neutropenic controls (59), but the mechanism of this 

phenomenon is unclear. In Chapter 20 we hypothesized that hyperuricemia usually 

occuring during episodes of severe neutropenia may be involved in this process, since 

urate cristals are known to be potent inducers of proinflammatory cytokines. In addition, 

because the balance between the pro- and antiinflammatory cytokines has been suggested 

to be involved in the development of autoimmune diabetes mellitus, in Chapter 21 we 

asked the question whether production of proinflammatory cytokines is normally 

regulated patients with newly-diagnosed and long-standing insulin-dependent diabetes 

mellitus, a frequently encountered imbalance in the metabolism of glucose. 
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A summary of the answers to these questions and the conclusions of the thesis are 

presented in Chapter 22. 
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ABSTRACT 

Whole blood cultures are used to study cytokine stimulation and release ex-vivo. In the 

present study we compared this method with a more direct approach and used a 

quantitative reverse transcriptase polymerase chain reaction (RT-PCR) to assess mRNA 

expression for IL-Iß and TNFa mRNA in whole blood. 

Stimulation of whole blood from normal donors with LPS at various time intervals 

showed a parallel rise of immunogenic IL-lfl and TNFa as well as a rise of mRNA 

expression for IL-Iß and TNFa with peak levels for IL-Iß after 4-6 h stimulation and for 

mRNA TNFa expression after 2h stimulation. These methods were used to explore 

cytokine production during the course of typhoid fever and after a 5 km run. 

In both conditions circulating cytokine concentrations were not influenced, but the TNFa 

and IL-Iß mRNA gene expression in circulating whole blood cells was increased in 

patients with typhoid fever. The LPS stimulated production of TNFa and IL-Iß was 

decreased in both but there was no change for the mRNA content in whole blood for these 

cytokines. These findings demonstrate that RT-PCR is an attractive method to study the 

gene expression of cytokines in whole blood, an increased TNFa and IL-Iß gene 

expression is present in typhoid fever, and that the LPS stimulated down regulation of 

cytokines in exercise and typhoid fever may be mediated by post transcriptional processes. 
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INTRODUCTION 

Whole blood culture (WBC) is a practical and reproducible method for assessment of 

cytokme production from human cells (1,2) Although a variety of stimulants have been 

used, we prefer the addition of bacterial hpopolysacchande (LPS) which is added as an 

lmmunostimulus to venous blood After a stationary incubation for 24 hr at 37° C, the 

release of cytokines is measured and compared to the concentration in a control tube 

Minimal amounts of blood are required and insight is provided in the capacity to produce 

cytokines (3) In healthy volunteers addition of LPS to whole blood will lead to 

measurable cytokine concentrations within few hours after incubation, certainly as a result 

of an increased production and or cellular release into plasma (3) The time course of ex-

vivo production of cytokines in WBC is comparable to that in healthy volunteers after a 

single LPS injection (4) We have used this method to assess the cytokine response in 

various clinical situations Application of WBC revealed that the LPS stimulated ex-vivo 

production of the inflammatory cytokines tumor necrosis factor-α (TNFa) and 

interleukin-lß (IL-Iß) becomes down regulated not only in the acute phase of infections 

such as typhoid fever, (5) meningococcal sepsis, (6) and Pneumocystis cannu infections, 

(7) during attacks of familial Mediterranean fever (8) and after major surgery (9) but also 

after strenuous physical exercise (10) In all these clinical situations, the production 

capacity of these cytokines restores during convalescence 

The mechanism of the depressed cytokine production is incompletely understood In LPS-

stimulated whole blood from patients with sepsis, Northern blot analysis showed a 

decreased expression of mRNA for TNFa and IL-6 and led to the conclusion that 

transcription is a decisive mechanism for the modulation of cytokine production (11) 

Apart from this study in sepsis, the molecular mechanism of down-modulation of 

cytokines m the above mentioned conditions is not known In addition, the kinetics of 

cytokine mRNA expression in WBC is not fully elucidated The present study describes a 

simple reproducible method developed to assess the IL-Iß and TNFa mRNA in whole 

blood with a semi-quantitative reverse transcriptase polymerase chain reaction (RT-PCR) 
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Fig 1. Kinetics of TNFoc (open circles) and IL-lß (closed circles) production (mRNA Fig 

la; protein Fig lb) in LPS-stimulated human whole blood. Blood was obtained from 

normal healthy volunteers and stimulated with LPS and incubated at 37°C for the 

indicated intervals. The plasma cytokine concentrations were then measured using specific 

RIA's. The values shown represent mean for four individual donors. 
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This method appears to be suitable to determine the kinetics of cytokine mRNA 

expression in circulating cells after stimulation with LPS. Furthermore, with this method 

it is possible to evaluate the transcription of mRNA in the down-modulation of cytokine 

production capacity in various clinical conditions such as physical exercise and typhoid 

fever. 

RESULTS 

Time course of IL-Iß and TNF a gene expression 

The induction of TNFa mRNA in healthy volunteers was very rapid, and high levels were 

attained after 30 min. Maximum expression was found after 2 hrs of incubation with LPS. 

After this time point, the TNFa mRNA levels declined and after 24 hr incubation values 

were still higher compared to those at baseline. IL-Iß mRNA expression became increased 

2 h after LPS stimulation, but maximum values were reached now until only after 4-6 h. 

Compared to TNFa, IL-Iß mRNA decreased slower. (Fig la) The kinetics of TNFa and 

IL-Iß protein secretion production and release follow that of the mRNA transcription (Fig 

lb). 

Analysis of protein and mRNA from circulating and ex-vivo production of cytokines 

Typhoid fever 

Ladder 
Acule circulating KM 
Acule circulating TNF a 
Acule circulating II. Hi 

Recovery circulating fi.M 
Recovery circulating TNF α 
Recovery circulating 11. Hi 

Figure 2. RT-PCR analysis of whole blood 

from a patient during and after the acute 

stage of tyhoid fever. 

In patients with typhoid fever, circulating 

concentrations of 1L-1 β and TNFa 

remained unchanged regardless o f the 

phase of the disease. (Table 1) However, 

mRNA analysis from the circulating 

uncultured cells of typhoid fever patients 

in the acute phase of the disease revealed 

an increase of both IL-1 β/β2Μ and 

TNFa/ß2M ratios when compared to the 

recovery phase. (Fig 2) 
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Table 1. Circulating concentrations and ex-vivo production of TNF and IL-1 in whole-

blood stimulated with LPS, in patients with typhoid fever and healthy volunteers after a 5 

km run. 

TNF (ng/ml) IL-1 (ng/ml) 

Clinical situation acute recovery acute recovery 

Typhoid fever circ. 0.16±0.02 0.19±0.02 0.17±0.03 0.14±0.02 

ex-vivo 4.4±1.1 7.1±3.4 3.5±2.8 5.2±4.8 

Physical exercise circ. 0.09±0.02 0.09±0.03 0.05±0.01 0.06±0.18 

ex-vivo 3.0±1.0 6.9±1.8 17.2±9.9 22.0±8.5 

LPS stimulated WBC of patients in the acute phase of typhoid fever showed a decreased 

production of IL-lß and TNFa, but the production of these proteins restored during 

convalescence. In contrast to the decreased ex-vivo LPS-stimulated production of the IL-

lß and TNFa proteins, the IL-lß/ß2M and TNFa/ß2M mRNA ratios did not differ 

significantly between the acute and recovery phase of typhoid fever. (Table 2) 

Exercise 

The 5 km run did not influence the circulating IL-lß or TNFa concentrations, nor was 

there any effect on mRNA content for these cytokines in uncultured whole blood. (Table 

1,2) Similar to typhoid fever, we observed an inhibition of LPS-stimulated ex-vivo 

production of both IL-1 β and TNFa in blood samples from athletes after a 5 km run 

compared to pre-exercise values but the difference was larger for TNFa. Remarkably, the 

IL-1 β production capacity obtained before exercise was substantially higher in the athletes 

compared to the recovered typhoid fever patients and to the values obtained from healthy 

sedentary controls 
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Table 2 Circulating concentrations and ex-vivo xpression of TNF and IL-1 mRNA in 

whole-blood stimulated with LPS, in patients with typhoid fever and healthy volunteers 

after a 5 km run (values expressed as ratio versus ß2-microglobulin) 

TNF/ß2m IL-l/ß2m 

Clinical situation acute recovery acute recovery 

Typhoid fever arc 0 28±0 06 019±019 0 58±0 20 0 31±0 09 

ex-vivo 0 69±0 20 0 59±0 20 105±010 0 93±0 10 

Physical exercise circ 0 0 0 0 

ex-vivo 1 35±0 90 0 62±0 40 1 83±1 50 1 30±0 20 

for our laboratory The mRNA values for IL-1 β and TNFa were increased by the 5 km 

run, although these differences were not statistically significant (Table 2) 

DISCUSSION 

Much of the knowledge regarding the gene expression of cytokines m humans has been 

obtained in isolated peripheral blood mononuclear cells A whole blood culture system 

avoids possible confounding factors on gene expression that may be associated with the 

isolation of mononuclear cells such as the adherence-induced increase of TNFa mRNA 

(12) We used EDTA coated sampling tubes because coagulation of whole blood 

stimulates IL-Iß gene expression (13) Moreover, whole blood represents a more 

physiological environment for examining cytokine production to LPS since the cellular 

interactions are preserved and the presence of plasma factors such as the LPS-binding 

protein is maintained (14) We have developed a simple, sensitive, and semi-quantitative 

RT-PCR for the detection of mRNA for cytokines in whole blood, which also could be 
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applied in a country like Indonesia. The amount of mRNA of cytokines was compared to 

the amount of the housekeeping gene p2M mRNA. This allows us to assess the IL-1 β and 

TNFa gene expression in whole blood. Because we normalized for the presence of β2Μ, 

our data express the mRNA content per individual cell which corrects for the increase of 

the number of leukocytes occurring after exercise. The kinetic data from this study 

confirm that incubation of LPS in whole blood leads to a very rapid induction of TNFa. 

(15) The TNFa mRNA expression peaked already at 2 hr which is in agreement with 

other studies and corroborates the notion that TNF is a proximal mediator of the response 

to LPS. (16) In contrast, the expression of mRNA for IL-Iß followed a different course 

with maximum mRNA levels following those of TNFa at 4-6 hr of incubation. In another 

study, the TNFa mRNA expression in whole blood peaked at lh poststimulation while 

IL-1 β reached its maximum already after 2h. 

Compared to our study, relatively low LPS concentrations were used to stimulate whole 

blood (10 μg/ml vs 1 ng/ml) (17) We were able to assess the cytokine mRNA expression 

in circulating whole blood cells in typhoid fever patients. Despite the absence of 

differences of cytokine concentrations, we note an increase of mRNA expression for IL-

1 β and TNFa in patients with acute typhoid fever. This presence of cytokine mRNA in 

circulating cells of these patients suggests that the cytokine network is activated. The 

pathophysiological significance of these findings for typhoid fever are presently unclear. 

The absence of increased cytokine proteins in acute typhoid fever could be due to an 

increased turn-over of protein for these cytokines. On the other hand it remains possible 

that the increased expressed mRNA is not translated and thus does not lead to the 

appearance of these proteins in the circulation. The absence of any change in the 

circulating TNFa and IL-lfl concentrations in athletes is associated with absence of 

mRNA for these cytokines. Apparently, the stress related to a 5 km run is not intense 

enough to elicit detectable cytokines in the circulation of these athletes. 

Study of the mRNA expression of cytokines in LPS-stimulated whole blood in patients 

with typhoid fever and athletes allowed us to make an important observation. Despite a 
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decreased cytokine production in the acute phase of typhoid fever and post-exercise, both 

IL-lß and TNFa mRNA expression was similar in the acute and recovery phase. These 

findings suggest that under the conditions studied, the inhibition of the LPS-stimulatcd ex-

vivo cytokine production is a post-transcriptional event. In this respect our results differ 

from those in a recent study in sepsis patients, where a decreased TNFa and IL-6 mRNA 

expression in LPS stimulated whole blood was found. (11) This suggests that the 

molecular mechanism of down modulation of cytokine production may be influenced by 

type of infection. 

The rate of mRNA degradation is the most important mechanism of post transcriptional 

deactivation. (18) Several additional post-transcriptional processes arc potentially able to 

influence the presence of cytoplasmic mRNA, including capping, splicing, 

polyadenylation, nuclear export and compartmentalization. (19-23) Furthermore, kinetic 

influences may play a role and the rate of degradation of IL-lß and TNFa proteins may 

precede the degradation of mRNA. Nevertheless, our results are in line with ex-vivo 

experiments with LPS-tolerant mice, showing that peritoneal macrophages did not 

produce TNFa when restimulated, while its mRNA was still induced. This strongly 

suggest a posttranscriptional regulation of TNF down regulation. (24) 

MATERIALS & METHODS 

Controls 

Four healthy volunteers participated in the study in order to obtain data for study of the 

kinetics of TNFa and IL-lß protein production and gene expression in LPS stimulated 

whole blood. 
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Typhoidfever 

Four patients with culture proven typhoid fever were recruited in Dr. Kariadi Hospital, 

Diponegoro University, Semarang, Indonesia as part of a project on cytokines in the 

pathophysiology of typhoid fever. Samples were obtained on admission (acute) and after 

7-10 days after defervescence (recovery). 

Exercise 

Seven well-trained males were recruited in Wijchen, The Netherlands to perform a 5 km 

exercise run. The distance was covered between 18 min 40 sec and 22 min 16 sec. 

Samples were drawn before (recovery) and immediately after the exercise (acute). 

Blood samples 

Blood for cytokine measurements was collected into 2-ml or 4-ml (ex-vivo production) 

endotoxin-free tubes containing EDTA (Vacutainer Systems, Becton and Dickinson, 

Rutherford, NJ, USA). Cytokine production was measured using a whole blood culture 

system as described elsewhere. (3) Briefly, two 2-ml tubes containing 24μί EDTA-K3 

(Bayer, Leverkusen, Germany) (4ml; 48μί EDTA-K3)) were drawn. One tube was 

incubated immediately, the other tube was incubated after addition of 25μί LPS 

{Escherichia coli serotype 055:B5; Sigma, St Louis, USA; final concentration 10 μg per 

ml blood). 

After 24 hours of incubation at 37 °C the tube was centrifiiged at 2250g for 10 minutes 

and secondly at 15000g for 5 minutes to obtain platelet-poor plasma. After 4 h (exercise 

volunteers) or 2 h (typhoid fever patients) after LPS-stimulation, aliquote of 500 μΐ blood 

were taken, and after addition of an equivalent amount of guanidiniumisothiocyanate 

(GITC) stored at -70°C until RNA isolation. For studies on kinetics of mRNA in healthy 

volunteers the 4-ml EDTA tube was incubated for 24 hours and after 0,0.5, 1, 2, 4, 6, 8, 

and 24 hr 500μί whole blood was taken and subsequently centrifuged at 2250g for 10 

minutes; plasma was used for cytokine protein determination and the cell pellet was 
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dissolved in 500 μ ι (4 M) GITC enriched with 7 μΐ ß-mercaptoethanol for isolation of 

total RNA. Aliquots were stored at -70°C until assay. 

Materials 

M-MLV Reverse Transcriptase, DTT, RT buffer, Agarose and Taq DNA polymerase were 

all purchased from Life Technologies (Breda, The Netherlands) RNAsin was purchased 

from Promega (Leiden, The Netherlands). dNTP's and pd(N)6 were purchased from 

Pharmacia (Woerden, The Netherlands). DNAse I was purchased from Boehringer 

Mannheim. (Almere, The Netherlands) Ethidium-bromide was purchased from Sigma (St. 

Louis, MO). PCR primers for human TNFa, IL-1 β and ß2m were obtained from Dr. 

E.Mensink, (Department of Hematology, University Hospital St.Radboud, Nijmegen, the 

Netherlands) Quantitative densitometry of the gels was performed on a Molecular 

Analyst™/PC densitometer (Model GS-670, BIORAD, Veenendaal, The Netherlands). 

RNA isolation 

Total RNA was isolated by the method of Chomczynski and Sacchi with minor 

modifications (26). Briefly, 500 μΐ of whole blood was resuspended in 1ml GITC, and 

sonicated for 10 min, followed by the addition of 2M sodium acetate, phenol and 

chloroform / isoamylalcohol (49:1). After centrifugation, the RNA was precipitated twice 

from aqueous phase with acidified ethanol. The RNA was dissolved in RNAse-free sterile 

water. The amount and quality of RNA were determined by spectrophotometry and 

analysis by agarose gel electrophoresis. 

RT-PCR Analysis of cytokine mRNA and ß2-microglobuline (ß2m) mRNA. 

For each sample 0.5 μg of total RNA was reverse transcribed in a volume of 20 μΐ reverse 

transcriptase buffer (50mM Tris-HCL pH 8.3, 75 mM KCl, 3 mM MgCl2) containing 

lOmM dithiothreitol, 5μΜ random Hexamers, 250μΜ dNTP's, 20U RNAsin, 200U M-

MLV Reverse Transcriptase. Reaction mixtures were overlaid with mineral oil. RT 

reaction was performed for 10 minutes at 20°C, followed by 45 minutes at 42°C, and 
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finishing for 10 minutes at 95°C using a Mastercycler 5330 (Eppendorf, Hamburg, 

Germany), and the samples were stored at -20°C until PCR analysis was performed. 

Sequences of the PCR primers for human TNFcc, IL-Iß and ß2M are listed in Table 3. 

Each primer pair was tested to determine the annealing temperature and the linear range of 

the reaction (Table 3). PCR reactions consisted of 3 μΐ cDNA in 50 μΐ PCR buffer (20mM 

Tris-HCL, pH 8.4, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin) containing ΙΟΟμΜ 

dNTP's, 0.3μΜ of each primer and 1.25U Taq Polymerase. Reaction mixtures were 

overlaid with mineral oil. PCR cycles were performed (30 sec denaturation at 92°C, 30 sec 

annealing at 55°C and 90 sec extension at 72°C) on the same Mastercycler 5330. The 

linearity of the PCR reactions was checked at different number of cycles. The plateau 

phase of the ß2M reaction 

Table 3. The sequence of the primers used in the RT-PCR. 

Primer Sequence Cycles 

ß2m sense 5'-CCAGCAGAGAATGGAAAGTC-3' 26 

anti-sense 5'-GATGCTGCTTACATGTCTCG-3' 

TNFa sense 5'-ACAAGCCTGTAGCCCATGTT-3' 29 

anti-sense 5'-AAAGTAGACCTGCCCAGACT-3 ' 

IL-lß sense 5'-GGATATGGAGCAACAAGTGG-3' 29 

anti-sense 5'-ATGTACCAGTTGGGGAACTG-3' 

became apparent after 30 cycles and of TNFa and IL-lß after 32 cycles. Therefore, for 

serial determinations of mRNA we selected 26 cycles for ß2M and 29 cycles for IL-lß and 

TNFa. PCR products were analyzed by electrophoresis on 2% agarose gels stained with 
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ethidium bromide in order to quantify the intensity of the banding pattern Gels were 

scanned on a densitometer (GS-670, BIORAD, Veenendaal, The Netherlands) and 

analyzed using Molecular Analyst software Linearity of the densitometer and software 

was controlled in a separate experiment using consecutive dilutions of a sample with a 

known DNA content To correct for fluctuations in leukocyte count, we corrected for the 

amount of TNFa and IL-lß mRNA m a sample by expressing it as a ratio versus the 

amount of the house-keeping gene ß2M mRNA 

Cytohne measurements 

Source of antiserum 

Polyclonal antibodies for IL-lß were kindly provided by Sciavo (Siena, Italy) and 

antibodies for TNFa were a gift of Dr С A Dinarello (Denver, CO) 

Radioimmunoassay for cytokines 

IL-lß, and TNFa m plasma were measured by non-equilibnum radioimmunoassays (RIA) 

as described extensively elsewhere (7) The sensitivity of the assay with 100 μΐ sample 

was 40 pg/ml (IL-lß) and 20 pg/ml (TNFa) To minimize analytical errors, all samples 

from me same patients were analyzed in the same run in duplicate The inter-assay 

variation of our RIA is estimated at less than 15%, while the mtra-assay variation is less 

than 10%, which are typical figures for these assays 

Statistical analysis 

The nonpaired nonparametnc Mann Whitney test was used for statistical comparison of 

results Probability (p) values were calculated on the basis of two-tailed tests A ρ value of 

< 0 05 considered to be the lowest level of significance Data are given in mean ± standard 

deviation 
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Abstract 

The effect of aspmn on the whole blood cytokine production was studied in six 

volunteers Eight days after a 3-day regimen of 650 mg of oral aspmn, there was a 70% 

increase m interferon-γ (IFNy) production stimulated by a combination of LPS plus IL-

18 (p<0 05) At this time, there was a 4-fold increase in the production of LPS-mduced 

tumor necrosis factor-α (TNF) compared to pre-aspinn levels (p<0 03) TNF and IFNy 

production returned to basal levels one month after the discontinuation of aspmn In 

conclusion, short-term aspmn treatment induces a significant increase m the cytokine 

production capacity, probably through inhibition of prostaglandins The increase in 

IFNy may contribute to the increase in TNF Usage of co-current aspmn consumption 

should be considered when assessing production of these cytokines m humans 
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Introduction 

Aspinn is the best known antiinflammatory drug, with powerful effects exerted mainly 

through cyclooxygenase inhibition, leading to subsequent reduction in prostaglandin 

(PG) levels [1]. However, PGs, especially PGE2, are potent inhibitors of tumor 

necrosis factor-α (TNF) and interferon-γ (IFN) production, cytokine mediators which 

contribute to inflammatory reactions [2] Most studies investigating the effects of 

inhibitors of PG synthesis on cytokine production in vitro have shown an increase in the 

synthesis of TNF, interleukm-1 (IL-1) [3] or IFN [4] This is likely due to inhibition of 

PGs in the in vitro culture But after intravenous infusion with endotoxin, increased 

concentrations of TNF and IL-8 have also been observed with oral Ibuprofen prior to the 

endotoxin challenge [5] Previous studies in human volunteers taking oral aspirin 

revealed an increased production of cytokines by isolated peripheral blood mononuclear 

cells (PBMC) stimulated with LPS, PHA or cytokines [6], [7] Despite these data, the 

effect of non-steroidal anti-inflammatory drugs on cytokine synthesis is not clear, 

because it has been also shown that low amounts of PGE2 can stimulate, rather than 

inhibit cytokine production [8] 

In mixed mononuclear cell cultures, LPS-induced IFNy is the result of LPS-stimuIated 

release of macrophage products such as IL-12 However, another LPS-mducible 

macrophage product, IL-18, has been shown to be essential for LPS-induced IFNy 

production [9], [10] IL-18 (formerly IFNy -inducing factor) is an IL-1 β converting 

enzyme (ICE)-dependent cytokine Inhibitors of ICE or in the absence of ICE, there is 

no ΓΡΝγ production despite the presence of IL-12 [11], [12], [13] 

To date, the effect of PGs on the IL-18 stimulation of IFNy synthesis is not known We 

developed a whole blood culture for IFNy production using co-stimulation with LPS 

plus IL-18 (AJ Puren et al, submitted). We now report the effect of a short course of oral 

aspinn on stimulated whole blood cytokine production. Whole blood from healthy 



48 Chapter 3 

volunteers, before and after aspirin administration, was stimulated to synthesize TNF 

and IFNy. TNF was induced by LPS-stimulation, whereas IFNy stimulation of whole 

blood was induced by a combination of LPS and IL-18 (Figure 1). 

Pre-aspirin baseline 

Day 5-4 

650 mg /d 

^ 

Inducible 
Cytokine 
Measurements 

Inducible 
Cytokine 
Measurements 

11 32 

Figure 1, Treatment schedule of volunteers receiving two doses of aspirin (650mg/day). 

Cytokine determinations were performed before and after the aspirin treatment. 
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Results 

Twenty-four hours after the last dose of aspirin (day 4 of the study), a significant 3-fold 

(p<0 05) increase in TNF production was already apparent (Fig 2) The same day, there 

was a trend towards higher IFNy using stimulation with LPS + IL-18, but the difference 

was not statistically significant (Fig 2) On day 11, the TNF production was increased 4-

fold over the baseline level (p=0 025), accompanied by a 70% higher IFNy synthesis 

(p=0 048) (Fig 2) After 4 weeks of a wash-out period, cytokines were measured on day 

32, and both TNF and IFNy production returned to the levels measured before aspirin 

intake 

Discussion 

The results of the present study show that aspirin increases the production of TNF and 

IFNy in whole blood cultures The importance of this observation is based on the 

widespread use of aspirin by millions, not only as an antiinflammatory agent, but also 

for prevention of coronary artery disease, stroke and colon cancer Moreover, this effect 

of aspirin is also important for the interpretation of whole blood assays used for 

assessment of cytokine production in various disease states The increased TNF 

production after the short course of aspirin administration is consistent with studies 

showing that oral Ibuprofen strongly enhances TNF and IL-8 concentrations during 

infusion of endotoxin [5] or in various experimental models m animals [14], [15] 

Endres et al also reported an increase in LPS-stimulated PB MC production of TNF 

following oral aspirin [6] 
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Figure 2. The effect of aspirin on the whole-blood production of TNF and IFNy. 
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An important and new observation is the increased IFNy production after aspirin intake, 

when blood was stimulated with a combination of LPS and IL-18. IFNy is a crucial 

cytokine involved in the pathogenesis of endotoxic shock [16], and its stimulation by 

PHA or LPS has been reported to be down-regulated by PGs [4] ,[7]. IL-18 is a newly 

described cytokine, its main function being the costimulatory activity on IFNy 

production [10]. The capacity of whole blood to produce IFNy is increased 10 to 20-

fold by addition of IL-18 to LPS stimulation (AJ Puren et al, manuscript submitted). 

Recently it has been reported that IL-18 has also direct proinflammatory effects, being 

able to activate NFkB [17] and induce production of TNF, IL-1 and IL-8 [18] .An 

optimal stimulation of whole blood with LPS and IL-18 was used to study IFNy 

production, and this production was significantly enhanced after 3 days of aspirin, and 

was further increased 7 days after stopping the aspirin. This observation suggests that 

the stimulatory activity of IL-18 on IFNy production is also under PG regulation. 

It is likely that part of the observed increase in TNF and IFNy production is due to the 

inhibition of PGE2 by aspirin, PGE2 being a known inhibitor of cytokine synthesis 

through increasing intracellular cAMP levels [1] ,[2]. On the other hand, it is important 

to underline the fact that IFNy has a potentiating effect on induction of TNF by LPS 

[19], [20], and therefore the increase in IFNy may have contributed to the enhanced 

TNF production. 

The effects of the aspirin intake on cytokine production were long-lasting, with TNF 

and IFNy levels exhibiting an even greater increase on day 11 of the study compared to 

day 4. Because the half-life of aspirin in the circulation is only approximately 15 min, 

residual concentrations of aspirin in the bloodstream cannot account for this effect. A 

possible explanation may reside in the persistance of long-lasting aspirin oxymetabolites 

produced intracellularly in the leukocytes, metabolites with antioxydant and cytokine-

modulating properties [3]. After a 4-weeks wash-out period, the TNF and IFNy 

production returned to basal levels. 
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In conclusion, treatment with aspirin has a strong potentiating effect on stimulated 

whole blood cytokine production. Assessment of aspirin usage should be performed in 

all situations in which cytokine production capacity is determined in humans. 

Materials and Methods 

Study population. The study was approved by the Colorado Multiple Institution Review 

Board. Six healthy male volunteers participated in the study, and gave written informed 

consent. The volunteers had not consumed NSAIDs or aspirin for at least 6 weeks prior 

to and during the study. 

Study schedule. Venous blood was collected between 9-12 a.m. Cytokine production 

determinations were performed on two days before aspirin treatment and the mean value 

was used as the baseline. 325 mg of aspirin was taken orally, twice a day (a.m. and 

p.m.), for a period of 3 days. Blood was collected again one day after the last aspirin 

dose (day 4 of the study), 7 days (day 11) and 4 weeks (day 32) after the administration 

of the drug (Fig. 1). 

Whole blood assay. One ml of blood was mixed with 1 ml of RPMI1640 (Waukesha, 

WI) containing 10 mM HEPES, 10 mM glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin. For assessment of TNF synthesis, the blood was incubated in 6-ml 

polypropylene tubes (Falcon) with 10 ng/ml LPS (E.coli strain 055:B5, Sigma 
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Chemical Co, St. Louis, MO) at 37 degrees Celsius for 8h upright. For determination of 

IFNy production, the blood was stimulated for 48h with a combination of 10 ng/ml LPS 

and 2.5 nM IL-18 (kindly provided by Peprotech, Inc., Princeton, NJ). After the 

indicated incubation periods, the whole blood culture was inverted several times and a 

200 μΐ sample was removed and lysed with 50 μΐ Triton X (final concentration 1 %). 

Samples were kept at -70 degrees Celsius until assay. 

Cytokine measurements. TNF and IFNy concentrations were measured using specific 

electrochemioluminescence assays [18]. Data are expressed as mean ± SEM. Groups 

were compared by analysis of variance (ANOVA) using Fisher's least significant 

difference. 
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Abstract 

Tumor necrosis factor α (TNFa) and interleukin-lß (IL-lß) are principal mediators of 

septic shock; inhibition of TNFa production may ameliorate outcome in severe 

infections. Pentoxifylline, chlorpromazine, and thalidomide inhibit TNFa production. 

Their effects were tested in lethal endotoxemia in sensitized mice. Only 

chlorpromazine significantly improved survival. Chlorpromazine and pentoxifylline 

significantly reduced post-endotoxin circulating TNFa, by 89% and 76% 

respectively. Chlorpromazine also significantly reduced IL-lß and soluble TNF 

receptor-P75. None of the drugs improved survival in Klebsiella pneumoniae-'mfected 

mice, despite significantly lower circulating TNFa concentrations in chlorpromazine-

or pentoxifylline-treated animals. The three compounds decreased circulating TNFa 

in Candida albicans-infected mice, but survival was not influenced. In neutropenic 

mice, chlorpromazine had no influence on Candida organ counts, but in normal mice 

Candida counts in kidneys were higher in chlorpromazine-treated mice. Thus, inhibi

tion of TNFa production was of no benefit in K. pneumoniae-'mfecúon and worsened 

outcome in C. albicans infection. 
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Introduction 

The pro-inflammatory cytokines interleukin-lß (IL-Iß) and tumor necrosis factor α 

(TNFa) play an important role in the pathophysiology of sepsis [1]. TNFa and IL-Iß 

concentrations are increased early in sepsis, and clinical studies demonstrate that high 

concentrations of TNFa in the circulation correlate with the severity of the disease 

and with a poor prognosis [2,3]. Treatment with anti-TNFa antibodies attenuates the 

lethal effects of endotoxin in mice and protects against shock after infusion of gram-

negative bacteria in primates [4,5]. Similarly, treatment with either of the naturally 

occurring antagonists of IL-1 and TNF, IL-1 receptor antagonist (IL-IRa) and soluble 

TNF receptors (sTNFR), has been shown effective in lethal endotoxemia and in 

various models of experimental infection [6-11]. TNFa also appears to have an 

important role in experimental Candida albicans-infection. The mannoprotein 

constituents of the Candida cell wall induce the in vitro production of TNFa by 

macrophages [12], and in-vivo infusion of С albicans in mice induces a rise in TNFa 

plasma concentrations which peak at 24 hours [13]. Therefore, TNFa synthesis may 

be an important target for pharmacological intervention in severe infections. 

Pentoxifylline, a methylxanthine derivate and phosphodiesterase inhibitor, inhibits the 

generation of mRNA for TNFa in vitro [14] and decreases the in vivo production of 

TNFa in humans and in experimental animals [15-17]. Pentoxifylline has been 

reported to increase survival of mice in endotoxic shock [16]. Chlorpromazine is a 

phenothiazine derivative with a broad spectrum of actions, that protects against the 

toxicity of endotoxin in various experimental models. At least part of this protection 

is achieved through inhibition of TNF synthesis [18]. Thalidomide has been used in 

the past as a sedative and antiemetic drug. Because of its teratogenic effects it has 

limited use as an antiinflammatory and immunosuppressive agent in the treatment of 

erythema nodosum leprosum, rheumatoid arthritis, and severe graft versus host 

disease [19-21]. Thalidomide has been shown to inhibit TNFa production by 

monocytes when these cells are triggered with endotoxin [22]. 
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In the present study, we evaluated to what extent treatment with pentoxifylline, 

chlorpromazine or thalidomide could increase survival after endotoxin challenge in 

sensitized mice. We measured circulating concentrations of TNFct, IL-lß, and of the 

two soluble TNF receptors, sTNFR-P55 and sTNFR-P75, after endotoxin challenge. 

We also evaluated the effects of pentoxifylline, chlorpromazine and thalidomide in 

lethal infections with Klebsiella pneumoniae and with C. albicans. Because of the 

major importance of the polymorphonuclear leukocytes (PMN) in the defense against 

C. albicans [23], and their involvement in the actions of the cytokines during the 

infection, we studied the effects of the drugs in normal and in neutropenic mice 

infected with C. albicans. 

Materials and methods 

Animals. Female Swiss mice, 6-8 weeks old, weight 20-25 g, were obtained from a 

local colony. The animals were fed standard lab chow (Hope Farms, Woerden, 

Netherlands), and were housed under specific pathogen-free conditions. 

Drugs. Pentoxifylline was obtained from Hoechst Pharma (Frankfurt am Main, 

Germany). Chlorpromazine was obtained from Rhone-Poulenc Rorer (Amstelveen, 

Netherlands), and thalidomide was provided by K. Zwingenberger (Grunenthal, 

Stolberg, Germany). Pentoxifylline (40 or 80 mg/kg) and chlorpromazine (4 mg/kg) 

were given in pyrogen-free saline by intraperitoneal (ip) injection, since this is a 

convenient and effective route of administration of these compounds [16,18]. Because 

no water-soluble form of thalidomide is availible, this drug was administrated by 

gastric instillation in 1% carboxymethylcellulose at a dose of 400 mg/kg. Control 

mice received vehicle by the same route. Pentoxifylline and chlorpromazine were 

given 30 min and thalidomide 1 h before endotoxin injection. In the experiments with 

live microorganisms, all treatments were started one day before infection and 
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continued daily thereafter. Pentoxifylline was given at a dose of 80 mg/kg/day twice 

daily, chlorpromazine 4 mg/kg/day once daily, and thalidomide 400 mg/kg/day once 

daily. 

Lethal endotoxemia in sensitized mice. Lipopolysaccharide (LPS, Escherichia coli 

serotype 055:B5) was obtained from Sigma (St. Louis). Mice were sensitized with 

actinomycin D (Sigma) or D-galactosamine (Merck, Darmstadt, Germany). Animals 

were injected ip with actinomycin D (0.6 or 0.8 mg/kg) 10 min before the ip injection 

of LPS (30 μg/kg) as described [18]. In the experiments in which the mice were 

sensitized with D-galactosamine, the animals were given D-galactosamine (560 

mg/kg) and LPS (40 μg/kg) simultaneously ip [24]. After injection of LPS, 6 mice 

from each treatment group were anesthesized with ether and bled from the retroorbital 

plexus at 90 min for measurement of circulating TNFa concentrations, and another 6 

mice per treatment group at 3 h for measurement of circulating concentrations of IL-

lß and sTNFR-P55 and -P75. In the remaining mice, survival was assessed daily for 

7 days. 

K. pneumoniae infection. K. pneumoniae (ATCC 43816), a strain that produces a 

lethal infection in normal mice, was inoculated in the left thigh muscle of the animals 

as described elsewhere [25]. Inocula ranged from 2x10 to 2x10 cm. Twenty-four 

hours after infection, subgroups of mice were sacrificed and blood was collected for 

TNFa plasma concentrations. To quantitate the recovery of the microorganisms from 

the livers and spleens, the organs were removed aseptically, weighed, and 

homogenized in sterile saline in a tissue grinder. To bring the bacterial counts after 

culture into the optimal range for reading, samples of liver and spleen were diluted in 

sterile saline. The suspensions were plated on sheep blood agar, and the colony-

forming units were counted after overnight incubation. Survival of the animals was 

observed for 5 days after infection. In a separate experiment the animals were infected 

with an inoculum of 104 cfu and subgroups of 6 mice were sacrificed to measure the 
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TNFa plasma concentrations at various time points after infection. In these animals 

we measured the recovery of the microorganism from blood, liver and spleen. 

С albicans infection. С albicans (104 cm) was given intravenously (iv) in the lateral 

tail vein. At 24 h after injection, subgroups of mice were sacrificed, blood was taken 

for determination of plasma TNFa concentrations, and the recovery of the microorga

nisms from livers, kidneys, and spleens was quantitated in a manner similar to the 

quantitation of K. pneumoniae. Organ suspensions were plated on Sabouraud dextrose 

agar, and colonies were counted after overnight incubation. Survival of the animals 

was monitored for 8 days. In addition, mice that were rendered granulocytopenic by 

subcutaneous injections of cyclophosphamid, 150 mg/kg 4 days before and 100 mg/kg 

1 day before infection, were injected with 10 cru С. albicans. 

TNFa measurement. Blood was collected in 1 mL tubes containing 7.5 μg EDTA 

(Becton and Dickinson, Rutheford, NJ) and 250 \iL aprotinin (Bayer, Leverkusen, 

Germany), and centrifuged for 5 min. at 13000 g. After separation, the plasma was 

stored at -20° С until assayed for TNFa by ELISA. Briefly, 96-weIl immunoassay 

plates were coated overnight at 4° С with V1Q, a rat monoclonal antibody specific 

for mouse TNFa (provided by Peter Krammer, Institute for Immunology and 

Genetics, German Cancer Research Center, Heidelberg, Germany) [26]. Nonoccupied 

binding sites were blocked with 1 % bovine serum albumin (BSA). The samples were 

added onto the plate for 1 h at room temperature. A standard titration curve was 

obtained by serial dilutions of a known sample of recombinant mouse TNFa in 

medium identical to the samples. Plates were then washed four times with wash-buffer 

and incubated with a rabbit anti-mouse polyclonal antibody and peroxidase-conjugated 

swine anti-rabbit IgG. After substrate was added for 18 min., the reaction was 

stopped with 4 M H2S(X,, and photospectrometry (450 run) was done. The lower 

detection limit was 300 pg/mL. In some of the experiments, ELISA was done with 

TN3 as the monoclonal antibody directed against mouse TNFa as described [27]. 

TN3 was provided by Celltech (Slough, U.K.) [28]. 



TNF inhibitors in cndotoxemia vs infection 63 

IL-lß measurement Plasma was collected in the same manner as for TNFa measure

ment IL-Iß was measured on plasma samples obtained at 3 h after LPS injection by 

specific RIA as described [29] 

sTNFR measurement Plasma was collected in the same manner as for TNFa 

measurement sTNFR-P55 and sTNFR-p75 were measured in plasma samples 

obtained 3 h after LPS injection by specific ELISA as described [30] 

Statistical analysis Survival curves were analyzed using the Kaplan-Meier logarithm 

of rank test [31] Differences in concentrations of circulating cytokines and 

differences in organ counts of the microorganisms were analyzed using the Kruskal 

Wallis test with chi-square approximation Results were considered statistically 

significant at Ρ < 05 

Results 

Lethal endotoxemia in sensitized mice Mortality occured in the first 48 h after 

endotoxin injection without further mortality during the next 5 days of follow-up In 

the two models of endotoxin-induced mortality studied, ι e actinomycin D- and in D-

galactosamine-sensitized mice, treatment with chlorpromazine significantly improved 

survival (P < 05) Treatment with pentoxifylline and thalidomide did not result in a 

better survival than control treatment (figure 1) In a separate experiment in which 

treatment with pentoxifylline was started 48 h before endotoxin challenge, survival of 

treated mice was not better than that of controls Chlorpromazine and pentoxifylline 

had a strong inhibitory effect on immunoreactive TNFa concentrations in plasma 90 

min after endotoxin, whereas thalidomide did not influence circulating TNFa (figure 

2A) In actinomycin D-sensitized mice, TNFa concentrations did not differ 

significantly between the groups treated with pentoxifylline and chlorpromazine, but 
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in mice sensitized with D-galactosamine, TNFa concentrations in chlorpromazine-

treated mice were significantly lower than in pentoxifylline-treated mice (P < .01; 

results not shown). 

The effects of the drugs on circulating IL-Iß concentrations 3 h after endotoxin 

injection are shown in figure 2B. Plasma IL-lß concentrations in chlorpromazine-

treated mice were significantly lower than in control animals, but pentoxifylline and 

thalidomide did not influence circulating IL-lß concentrations. 

None of the compounds influenced the concentrations of sTNFR-P55 3 h after 

endotoxin (not shown). However, chlorpromazine significantly decreased the 

concentration of sTNFR-P75 compared with controls (figure 2C). 

K. pneumoniae infection. At 30 min after intramuscular (im) injection of 10 cm of 

{¿.pneumoniae, blood cultures were still sterile, and TNFa was not detectable in the 

circulation. However, at 90 min, TNFa could be detected and remained relatively 

constant during the observation period (concentration range 1.1 - 3.3 ng/mL); from 

this timepoint on, the microorganisms were present in the blood, liver and spleen, 

indicating that there was an ongoing sepsis in these animals. 

Plasma TNFa concentrations at 24 h after infection were significantly decreased in 

the groups treated with pentoxifylline and chlorpromazine compared with controls. 

Pentoxifylline reduced TNFa by 22% (from 0.9 ± 0.1 to 0.7 ± 0.2 ng/mL, n= 10, Ρ 

< .05), chlorpromazine reduced TNFa by 30% (0.5 ± 0.2 to 0.3 ± 0.07 ng/mL, 

n=10, E < .05). Although thalidomide reduced circulating TNFa concentrations by 

69%, this difference was not statistically significant, because of the large variation in 

the control group (controls: 1.3 ± 1.5, thalidomide-treatment: 0.4 ± 0 . 1 ng/mL, 

n=10). 
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Survival was not significantly improved by either drug Bacterial counts tended to be 

lower in the livers and spleens of the treated animals, regardless of the drug used, but 

these differences did not consistently reach statistical significance Because chlorpro-

mazine had the strongest effect on bacterial counts, we investigated the antimicrobial 

0 10 20 30 40 50 
hours 

Figure 1. Percentage survival of D-Galactosamine-sensitized Swiss mice with after 

injection with hpopolysacchande (n= 10, results of 1 representative experiment) 

p< 05 for chlorpromazine treatment In mice sensitized with actinomycin D, same 

trends were seen 



66 Chapter 4 

ss 40 

S 30 

20 

10 

contro 

U.ö 

0 Ί 

0.2 

η η 

-{'Щ i 

В 

!̂ * г 3 

control POF CPZ TLD 

160-

120 

control POF CPZ TLD 

Figure 2. Circulating concentrations of cytokines after lipopolysaccharide (LPS) 

injection. A, TNFa after 90 min (*P < .01 and Ρ < .005 for pentoxifylline [POF] 

and chlorpromazine [CPZ], respectively). B, Interleukin-1 ß (IL-lß) after 3 h (*P < 

.001 for CPZ). C, Soluble TNF receptor-P75 (sTNFR-P75) after 3 h (*P< .01 for 

CPZ). TLD, thalidomide. 
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effect of chlorpromazine in vitro. Chlorpromazine did not inhibit the growth of K. 

pneumoniae in vitro (data not shown). 

С albicans infection in поп-neutropenic mice. Plasma TNFa concentrations were 

lower in the chlorpromazine- and the thalidomide-treated animals than in their 

respective controls, while pentoxifylline was not able to inhibit the TNFa production 

significantly during this infection (figure ЗА). Survival was not influenced by any of 

the drugs used. Candida outgrowth tended to be higher in the pentoxifylline- and 

thalidomide-treated animals than in controls, but these differences were not 

statistically significant. However, chlorpromazine-treated animals showed 

significantly higher Candida counts in kidneys than did controls (figure 4). 

C. albicans infection in neutropenic mice. Pentoxifylline significantly lowered plasma 

TNFa concentrations (figure 3B). Chlorpromazine and thalidomide tended to inhibit 

the TNFa synthesis (P = .065 and Ρ = .07 respectively). It is of note that circulating 

TNFa concentrations were substantially higher in the neutropenic mice than in non-

neutropenic animals. Survival and recovery of С albicans from the organs were not 

influenced by any of the drugs tested (figure 4). 

Discussion 

In this study we investigated the influence of three pharmacological inhibitors of 

TNFa synthesis on outcome of lethal endotoxemia and infection. Endotoxin induced 

mortality was studied in mice sensitized with D-galactosamine or actinomycin D. 

Normal mice exhibit a low and varying sensitivity to endotoxin, thus hampering 

reproducibility of experiments. Endotoxin induced mortality in sensitized mice has 

been shown to be mediated by cytokine production [10,18,24]. To rule out specific 

effects of either D-galactosamine or actinomycin D, both compounds were used in the 
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experiments with sensitized mice. We found that chlorpromazine was the most 

powerful inhibitor of post-endotoxin TNF production, and the only one that 
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Figure 3. TNFoc plasma concentrations 24 h after injection of Candida albicans into 

nonneutropenic mice (A; *P < .05) or neutropenic mice (B; *P < .05). POF, 

pentoxifylline; CPZ, chlorpromazine; TLD, thalidomide. Results are mean ± SD (η 

> 10 mice). 
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D control 

CPZ 

non-neutropenic neutropenic 

Figure 4. Candida albicans outgrowth from kidneys of nonneutropenic and 

neutropenic animals after treatment with chlorpromazine (CPZ) compared with 

controls. Results are mean ± SD; η > 10 mice. *P < .05. 

increased survival in lethal endotoxemia. Despite substantial reduction in TNFa 

production by pentoxifylline, this drag did not improve survival after endotoxin 

challenge in our experiments. Our findings with chlorpromazine are in accordance 

with those of Gadina et al. [18], but despite equal and even higher dosage schedules 

of pentoxifylline used in our experiments, we could not confirm the data of Schade et 

al. [16] who showed a beneficial effect of pentoxifylline on survival. These differen

ces cannot readily be explained. Thalidomide appeared not to be an inhibitor of TNFa 

production after in vivo administration of endotoxin. This finding underscores the 
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differences in influence on cytokine production that may be observed in in vivo versus 

in vitro experiments [22]. However, thalidomide did decrease plasma TNFa 

concentrations after Candida infection in non-neutropenic mice. Differences in 

pharmacokinetics between the orally administered thalidomide and the ip chlorproma-

zine and pentoxifylline may account for these divergent effects. 

Since pentoxifylline also substantially reduced post-endotoxin circulating TNFa 

concentrations, it is clear that reduction of TNFa production cannot solely account 

for the beneficial effect of chlorpromazine in lethal endotoxemia. In addition to 

substantially reducing TNFa production, chlorpromazine profoundly decreased post-

endotoxin IL-lß, and as far as we know this has not been reported before. As 

antagonism of IL-1 increases survival after lethal endotoxemia in mice [7], 

interference with the production of this cytokine may contribute to the effects 

observed. Chlorpromazine has a wide range of pharmacological activities, from 

antipsychotic and antihistaminic actions [32] to inhibition of phospholipase A2 [33]. 

To what extent these activities contribute to the effects in lethal endotoxemia is not 

clear. Pentoxifylline did not influence circulating IL-lß concentrations, a finding in 

accordance with reports that phosphodiesterase inhibitors such as pentoxifylline 

selectively decrease TNFa production without affecting IL-1 production capacity 

[34]. 

It is of interest that chlorpromazine strongly reduced the concentration of circulating 

STNFR-P75 at 3 h post endotoxin, without affecting the concentration of circulating 

STNFR-P55. It was recently reported that injection of endotoxin in mice results in an 

increase in both sTNFR-P55 and sTNFR-P75 as early as 30 min after the injection. 

STNFR-P55 slowly diminished after a peak 30 min after LPS, whereas sTNFR-P75 

increased to a plateau concentration 4 - 8 h after LPS administration [30]. Since both 

STNFR-P55 and sTNFR-P75 are well detectable in the plasma 3 h after LPS injection, 

it is unlikely that we missed a difference in sTNFR-p55 concentrations induced by 

one of the compounds. Recently, evidence was gained that in mice, sTNFR-P75 and 
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not sTNFR-p55 is responsible for the inactivation of TNF and clearance of the 

cytokine from the circulation [35]. It is unlikely that the strong decrease of sTNFR-

P75 by chlorpromazine is brought about by its inhibiting effect on the production of 

TNFa or IL-Iß, since neither anti-TNF antibody nor IL-1 receptor antagonist 

decreased the concentration of circulating sTNFR's after endotoxin injection [30]. 

Thus, the mechanism by which chlorpromazine reduces sTNFR-P75 concentration is 

probably more direct but remains to be elucidated. 

From a clinical standpoint, it is somewhat worrisome that despite a marked inhibition 

of circulating TNFa concentrations, neither of the drugs we have tested improved 

outcome in the K. pneumoniae infection. An infection with live microorganisms gives 

rise to a much more complicated response of the host than an injection of LPS. After 

LPS injection, circulating TNFa concentrations peak at 90 min, and decrease rapidly 

thereafter [2]. As shown here, there is an ongoing release of TNF after im injection 

of K. pneumoniae. These data are in accordance with the observations of others 

regarding the efficacy of anti-TNF antibodies in experimental E. coli infection: they 

may be protective after iv but not after ip injection of E.coll [36]. Thus, the lack of an 

effect of pharmacological TNF inhibition is reminiscent of the inability of anti-TNF 

antibodies to improve outcome in animal models of infection that resemble the gram-

negative infection we have studied [4,26,37]. 

In the С albicans infection in mice, we found no influence of the three drugs studied 

on the survival of the animals. A recent study also failed to show an effect of 

pentoxifylline on outcome of infection with С albicans in rats [17]. In our pentoxifyl-

line-treated nonneutropenic mice, the concentrations of TNFa tended to be reduced, 

but they were significantly inhibited only in the chlorpromazine- and thalidomide-trea-

ted groups. Only pentoxifylline significantly affected TNFa concentrations in 

neutropenic mice. Since the same doses of pentoxifylline and chlorpromazine did 

decrease the TNFa synthesis in the K. pneumoniae infection, these differences may 

be due to differences in the regulation of TNFa production in the two infection 
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models. In this respect it should be mentioned that endotoxin does not induce TNFa 

synthesis in the endotoxin-resistant СЗН/HeJ mice, while C. albicans does [13]. 

In nonneutropenic mice, chlorpromazine treatment was associated with an increased 

outgrowth of Candida from the kidneys. However, in the neutropenic mice, none of 

the drugs tested influenced the recovery of the microorganisms from the organs. This 

observation is in accordance with the report by Steinshamn and Waage [38], who 

found that treatment with a monoclonal antibody against TNFa increased the 

outgrowth of С albicans from the kidneys of normal but not of neutropenic mice. 

Taken together, these observations in infection models are in agreement with the 

observations that TNFa increases the intracellular killing of C. albicans by neutrop

hils in vitro [39,40]. Apart from its influence on TNF production, direct interference 

with killing function of neutrophils may also play a role in the increased outgrowth of 

Candida in the chlorpromazine-treated mice [41-43]. 

We conclude that chlorpromazine protects sensitized mice against death due to lethal 

endotoxemia and that this protection is accompagnied by a strong inhibition of in-vivo 

TNFa and IL-lß synthesis. The anticytokine effect of chlorpromazine may be 

counteracted by decreased concentrations of circulating sTNFR-P75. Pentoxifylline, 

chlorpromazine, and thalidomide do not improve survival in the models of bacterial 

and fungal infections studied. In the experimental infections, which are probably more 

relevant for infections in humans than LPS challenges, the capacity of the drugs tested 

to inhibit TNFa production appeared limited. In the case of chlorpromazine, the 

potential benefit of reducing circulating concentrations of TNFa in lethal infections 

seems to be counteracted by a reduced phagocytosing capacity of neutrophils. In these 

experimental infections, the effects of pharmacological inhibition of TNFa production 

are reminiscent of the effects observed with antibodies to TNFa. 
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SUMMARY 

Tumour necrosis factor-α (TNFa) and inteleukin-lß (IL-lß) are proinflammatory 

cytokines which play an important role in severe infections, while IL-1 receptor 

antagonist (IL-Ira) and IL-10 are antiinflammatory cytokines which counteract their 

effects. Dexamethasone and chlorpromazine protect mice against lethal endotoxemia by 

decreasing circulating concentrations of TNFa and IL-lß. We investigated whether 

administration of chlorpromazine or dexamethasone to human volunteers can modulate 

the ex-vivo cytokine production capacity. Blood samples were taken before and several 

time points after medication. Circulating cytokine concentrations were low in all 

samples. Ex-vivo LPS-induced TNFa and IL-lß production was inhibited by 

dexamethasone treatment, while chlorpromazine had no effect. When peripheral blood 

mononuclear cells were stimulated in vitro with LPS, the addition of chlorpromazine (1-

100 ng/ml) had no modulatory action on TNFa, IL-lß, IL-1га or IL-10 synthesis. The 

chlorpromazine concentrations measured in circulation of volunteers were 8 to 40-times 

lower than the concentrations shown to be effective in mice. In conclusion, 

chlorpromazine inhibits TNFa and IL-lß production at concentrations that cannot be 

reached in humans, thus precluding its usage in clinical anti-cytokine startegies. In 

contrast, dexamethasone is an effective inhibitor of proinflammatory cytokine 

production. 
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INTRODUCTION 

The pro-inflammatory cytokines IL-Iß and TNFa play an important role in the 

pathogenesis of sepsis ( ). Blocking TNF improves survival in mice receiving a lethal 

endotoxin challenge ( ) and in baboons challenged with an injection of E. coli bacteria 

( ), while administration of interleukin-1 receptor antagonist (IL-Ira), a naturally 

occuring antagonist of IL-1, has also been shown to prevent experimental septic shock 

(4). Therefore, pharmacological agents that inhibit TNFa and IL-lß synthesis may prove 

beneficial in the treatment of severe infections. 

Glucocorticoids are important anti-inflammatory agents. This effect is partly due to 

attenuation of the production of pro-inflammatory cytokines. Dexamethasone supresses 

cytokine production by lipopolysaccharide (LPS) stimulated human monocytes ( ' ), and 

adrenalectomy sensitizes mice to the lethal effects of IL-1 and TNF ( ). In lethal 

endotoxemia dexamethasone was able to inhibit cytokine production and increase 

survival ( ' ). In healthy volunteers, glucocorticoids attenuated TNF production and the 

hemodynamic response when given immediately before LPS ( ). 

Chlorpromazinc, a phenothiazine derivative, is also able to protect mice against the 

effects of endotoxin through attenuation of serum levels of cytokines ( ' ' ). 

Chlorpromazine is moreover able to inhibit TNFa synthesis in human monocytes ( ). 

On the other hand, recent studies reported stimulatory effects of chlorpromazine on the 

production of IL-10, an antiinflammatory cytokine able to inhibit the production of 

TNFa and IL-lß (' ,H). Thus, chlorpromazine may represent a useful drug for cytokine 

modulation in humans. 

The aim of this study was to investigate the capacity of chlorpromazine to modulate 

cytokine synthesis in humans, by administration of chlorpromazine to healthy 

volunteers and measurement of the ex-vivo LPS stimulated production of cytokines. 

The effect of chlorpromazine was compared to that of dexamethasone. 
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MATERIALS AND METHODS 

Ex vivo studies in humans. Eighteen healthy volunteers (5 females and 13 males, mean 

age 24 years, range 19-36 years) participated in the study, after giving written informed 

consent. The study was approved by the ethics committee of the University Hospital 

Nijmegen. The volunteers refrained from heavy excercise, since this was shown to 

modulate cytokine production ( ) and did not use any medication. They randomly 

received chlorpromazine (25 mg t.i.d., Brocacef, Maarssen, The Netherlands), 

dexamethasone (1.5 mg t.i.d, Genpharma, Maarssen, The Netherlands), or placebo at 

eight hour intervals. Blood samples were drawn 5 hours before treatment and 1, 4, and 

25 hours after taking the third dose. All samples were drawn at 9 a.m. while subjects 

fasted, except the third sample which was obtained at noon after a small standard meal. 

Ex-vivo whole blood production assay was performed as described ( ), with minor 

modifications. Briefly, blood was collected in one 4-ml and two 2-ml EDTA tubes 

(Vacutainer systems, Becton and Dickinson, Rutherford, NJ). The first tube was 

processed immediately and used for measuring circulating concentrations of TNFa, IL-

lß, IL-1га and IL-10. In the latter tubes, cytokine production was determined; one was 

incubated at 37°C with lipopolysaccharide for 24 hours (LPS, 10 μg/ml, E. coli 055:B5; 

Sigma Chemical Co., St Louis, MO) and the other without additional stimuli. After 

incubation, the tubes were centrifuged at 2250 rpm for 10 minutes. The plasma was 

separated and centrifuged at 15000 rpm for 5 minutes to obtain platelet-poor plasma. 

Blood for chlorpromazine measurement was drawn into 10-ml tubes (Venoject 

II,Terumo Europe, Leuven, Belgium), and plasma obtained by centrifugation (10 min, 

2250 rpm). Aliquots were stored at -20°C until assay. 

Three of the volunteers receiving chlorpromazine took part in an additional study to 

assess whether chlorpromazine administration in vivo can modify cytokine production 

by isolated PBMC. Chlorpromazine was administered as described above and blood was 
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collected 5h before the treatment was started and lh after the third dose Isolation of 

PBMC was performed as described (' ), with minor modifications Briefly, venous 

blood was drawn into 10-ml EDTA tubes (Monoject, 's-Hertogenbosch, The 

Netherlands) The PBMC fraction was obtained by density centnfugation of blood 

(diluted 1 1 in pyrogen-free saline) over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, 

Sweden) PBMC were washed twice in salme, and suspended in culture medium (RPMI 

1640 dutch modification, ICN Biomedicals Ine, Costa Mesa) supplemented with 

human serum 5%, gentamicine 1%, L-glutamine 1%, pyruvate 1% The cells were 

counted in a Coulter counter (Coulter Electronics, Mijdrecht, The Netherlands) and the 

number was adjusted to 5xl06 cells/ml Hundred μΐ were incubated in 96-wells plates 

(PS-Gewebekulturplatte, Greiner В V , Alphen a/d Rijn, The Netherlands) with LPS 

(final concentration 1 ng/ml) for 24 h at 37°C After 24 hour incubation the supematants 

were frozen (-20°C) until assay 

In vitro effect of chlorpromazine In order to assess the effect of chlorpromazine without 

interference of in vivo pharmacokinetics, the m vitro effect of chlorpromazine on 

cytokine production was investigated Whole blood or PBMC were obtained from 7 

volunteers as described above All volunteers were healthy and received no treatment 

LPS stimulation of PBMC or whole blood cultures was peformed for 24h at 37°C, as 

described above, in the presence or absence of chlorpromazine (1-10 ng/ml) 

Additionally, the effect of a concentration of chlorpromazine of 100 ng/ml on cytokine 

production was tested m LPS-stimulated PBMC from 3 volunteers Samples were stored 

at -20°C until assay 

Studies in mice To assess the circulating concentration of chlorpromazine which is able 

to modulate cytokine production and to protect mice from lethal endotoxemia ( ), mice 

(C57B1/6J mice, 8 weeks old, weight 20-25g) were given chlorpromazine (4 mg/kg) m 

pyrogen free saline by intraperitoneal injection, 30 mm before challenge with LPS (30 

\igjkg intrapentoneally) After 90 mm, the mice were anaesthetized with ether and bled 

file:///igjkg
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from the retroorbital plexus. Blood was pooled into two 10-ml tubes (Venoject) and 

serum was stored at -20°C until measurement. 

TNFa, IL-lß, andlL-lra measurements. TNFa, IL-lß, and IL-lra concentration were 

determined by radioimmunoassay as described (13). In order to correct for spontaneous 

cytokine release, the net production was calculated by substracting the values in the 

unstimulated samples from the concentration obtained after LPS stimulation. 

IL-10 measurements. IL-10 concentrations were determined by a commercially 

available ELISA kit (CLB, Amsterdam, The Netherlands), according to the instructions 

of the manufacturer. Net production was calculated by substracting the values in the 

unstimulated samples from the concentration obtained after LPS stimulation. 

Chlorpromazine measurement. Concentrations of chlorpromazine were measured at the 

Department of Pharmacy, St.Elisabeth Hospital Venray, The Netherlands, with one step 

extraction followed by high pressure liquid chromatography-SF. In short, 1 ml of serum 

was mixed with 0.4 ml of carbonic buffer (pH 9.4), 2.0 ml heptane: iso-amyl alcohol 

(985:15), and 50 μΐ of of Northiaden 50 μg/l. After centrifugation, the heptane phase 

was transferred and dried at 60°C. Chromatography was performed on a Spherisorb 

S5W with guard column. The mobile phase consisted of MeOH/Acetonitril/25% 

ammonia (20/280/1), the flow was 1.4 ml/min and ultra-violet light was used for 

detection. 

Statistical analysis. Data are shown as mean ± SEM. Differences between curves were 

tested using ANOVA for repeated measures. Differences at time points between more 

than two groups were tested with ANOVA. Differences in production of cytokines 

between drug and placebo were analysed using non parametric Wilcoxon test. Results 

were considered statistically significant at P<0.05. 
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RESULTS 

Effect of orally applied chlorpromazine and dexamethasone on cytokine production. 

Five of the volunteers reported side-effects of the medication. One of the volunteers 

receiving placebo felt dizzy. Four subjects taking chlorpromazine experienced 

drowsyness and one reported abdominal pain. Circulating concentrations of TNFct, IL-

lß, IL-lra and IL-10 were very low and in the normal range in all samples, and were not 

altered by the treatment with the 2 drugs (range TNFct <40 to 100 pg/ml, IL-lß: <20 to 

90 pg/ml, IL-lra 80 to 400 pg/ml, IL-10 in all samples <38 pg/ml). 

Chlorpromazine treatment did not influence either the TNFct or the IL-lß production 

capacity at any of the time points tested (Fig. la and lb). Neither of the drugs had any 

effect on IL-lra synthesis (Fig.lc). Dexamethasone significantly inhibited ex-vivo 

whole blood production of TNFct both 1 and 4h (pO.01), but not 24h after last 

administration (Fig. la). Synthesis of IL-lß was inhibited lh (p<0.05), but not 4 and 24 

h after the last dexamethasone dose (Fig. lb). IL-10 concentrations were very low and 

not stimulated by treatment with chlorpromazine or dexamethasone (data not shown). 

Since chlorpromazine had no effect on cytokine production in whole blood cultures, we 

investigated whether this could be due to interference by the various cell types present 

in circulation, or other plasma factors. The LPS-stimulated cytokine production of 

PBMC isolated from volunteers lh after the last dose of chlorpromazine did not differ 

from their cytokine production capacity 5h before start of the treatment (data not 

shown). 

Circulating concentrations of chlorpromazine. The serum concentrations of 

chlorpromazine in human volunteers were 2.5 ± 0.3 ng/ml at lh, 1.5 ± 0.4 at 3h, and 1.2 

± 0.3 at 25h after the last administration of chlorpromazine. In mice, i.p. treatment with 

4 mg/kg chlorpromazine, which was shown to inhibit cytokine production ( ' ), resulted 
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in circulating chlorpromazine concentrations of 41.0 ± 3.0 ng/ml at 90 min after 

infection, i.e. 8-40 times higher than the concentrations in human volunteers. 

In vitro effects of chlorpromazine. The effect of in vitro addition of chlorpromazine to 

LPS-stimulated PBMC and whole blood cultures was studied. Chlorpromazine 

concentrations that can be reached by oral administration of the drug in humans (1 and 

10 ng/ml) were used. At these concentrations there was no effect on cytokine production 

by LPS-stimulated PBMC (Fig.2) or whole blood cultures (data not shown). Moreover, 

in an additional experiment, the chlorpromazine concentration of 100 ng/ml (20-times 

higher then the maximum chlorpromazine concentration measured in volunteers) was 
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Figure 2. Addition of chlorpromazine in vitro to isolated human PBMC had no effect on 

LPS-stimulated cytokine production capacity. 
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also not effective for modulation of LPS-stimulated cytokine production by PBMC, 

when compared with non-treated cells (TNFa: 0.9 ± 0.5 vs. 1.1 ± 0.7 ng/ml; IL-lß: 2.4 

± 0.7 vs. 2.3 ± 0.5 ng/ml; IL-lra: 9.7 ± 1.6 vs. 12.9 ± 4.4 ng/ml; IL-10: 0.3 ± 0.15 vs. 

0.4 ± 0.1 ng/ml, p>0.05 for all cytokines). 

DISCUSSION 

The results of the present study show that chlorpromazine administered in vivo to 

human volunteers does not inhibit the production of TNFa, IL-lß and IL-lra, and has 

no stimulatory effect on IL-10 synthesis. In contrast, dexamethasone has a potent 

inhibitory action on TNFa and IL-lß production capacity. 

The inhibiting effect of dexamethasone on proinflammatory cytokine production has 

been shown both in vitro (5' ) and in human volunteers (' ). The mechanism by which 

dexamethasone inhibits cytokine synthesis involves transcriptional activation of IkBa, 

which binds and inactivates the transcription factor NF-kB, blocking its traslocation to 

the nucleus and thus markedly reducing cytokine synthesis ( ). Our results show a 

marked inhibition of TNFa and IL-lß synthesis in LPS-stimulated whole blood cultures 

of volunteers treated with dexamethasone. TNFa production was diminished at both 1 

and 4 hours after the last administered dose. IL-lß production was significantly 

inhibited only after 1 hour, although a tendency of a decreased IL-lß production was 

seen also 4 hours after the last administration of dexamethasone. In contrast, IL-lra 

production was not affected by dexamethasone treatment. These data are sustained by 

the results obtained by Santos and colleagues in an in vivo study in human volunteers 

( ). In contrast, recent studies have shown an inhibitory effect of hypercortisolemia on 

IL-lra response after LPS in vivo ( ) and in vitro (21). 

In the present study, administration of chlorpromazine to human volunteers had no 

inhibitory action on the LPS-stimulated cytokine production in whole blood. No effect 



Human cytokine production 91 

on synthesis of cytokines by PBMC was observed either, arguing against interference of 

chlorpromazine with plasma factors in the whole blood culture assay. These results are 

in accordance with the study of Martinez et al., who have also failed to demonstrate an 

inhibitory effect of chlorpromazine on IL-1 production by human mononuclear cells 

(22). In contrast, several experimental studies in animals have shown that 

chlorpromazine protected animals from lethal endotoxemia by inhibition of LPS-

induced proinflammatory cytokine response ( ' ' ' ) and stimulation of the 

antiinflammatory cytokine IL-10 (13,14). A major difference between our study and the 

above mentioned reports is the chlorpromazine concentrations in the circulation of the 

human volunteers, which was 8 to 40-times lower than the concentrations observed in 

mice. In-vitro studies performed on human monocytes have shown inhibitory effects of 

chlorpromazine on cytokine mRNA expression (24) or production ( ). However, the 

chlorpromazine concentrations used in these studies were more than 100-times higher 

than the chlorpromazine circulating concentrations we measured in the volunteers 

receiving the drug. 

The lack of effect of chlorpromazine in our study cannot be completely attributed to 

differences in plasma concentrations between mice and man, because the concentrations 

used by Martinez et al. and the 100 ng/ml chlorpromazine concentration used in vitro in 

some of our experiments were higher than the concentrations recorded in mice, while 

still having no effect on cytokine production by human PBMC. In this respect, it should 

be mentioned that as many as 10 or 12 metabolites of chlorpromazine occur in 

circulation in appreciable quantities, many being active ( ). Differences in the kinetics 

of chlorpromazine and in the drug metabolites in mice and humans may be also 

responsible for some of the differences observed. 

In conclusion, in contrast with dexamethasone which has a potent inhibitory effect on 

cytokine synthesis, administration of chlorpromazine did not influence LPS-stimulated 

cytokine production capacity in whole blood or PBMC of human volunteers, thus 

precluding its direct usage in clinical strategies aimed to inhibit TNFa and IL-Iß. 
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Summary 

The balance between pro- and antiinflammatory cytokines has been implicated in the 

pathogenesis of infectious and auto-immune diseases, and its modulation has been 

proposed as a potential therapeutic target. The results reported in the present study show 

that modulators of the renin-angiotensin system, such as the ACE-inhibitor Captopril 

and the angiotensin II receptor type I antagonist valsarían, have potent inhibitory effects 

on the LPS-stimulated production of proinflammatory cytokines TNF and IL-1 in vitro. 

The antiinflammatory cytokine IL-IRa is increased by Captopril, whereas IL-6 

production is decreased by valsarían. These effects are exerted mainly at high 

concentrations of the drugs. Administration of one dose of Captopril or valsarían in 

therapeutic dosages to patients with essential hypertension did not influence LPS-

stimulated production of cytokines by whole blood. In conclusion, despite inhibitory 

effects on proinflammatory cytokine production in vitro, it is unlikely that Captopril or 

valsarían could be used in anti-cylokine Iherapeutic strategies in vivo. 
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Introduction 

The balance between proinflammatory and antiinflammatory cytokines plays an 

important role in various diseases. An imbalance in favour of the proinflammatory 

cytokines interleukin-1 β (IL-1) or tumor necrosis factor-α (TNF) has been implicated in 

the pathogenesis of sepsis (1), Lyme arthritis (2), rheumatoid arthritis (3), autoimmune 

diabetes (4) and ulcerative colitis (5). In addition, antiinflammatory cytokines such as 

IL-1 receptor antagonist (IL-IRa) exert protective effects in experimental models of 

sepsis, rheumatoid arthritis and autoimmune diabetes (1). IL-6 is a potent 

antiinflammatory cytokine by virtue of its ability to inhibit the production of TNF and 

IL-1 (6). These data have suggested the balance between pro- and antiinflammatory 

cytokines as a potential therapeutic target in various infectious and autoimmune 

diseases. 

Recently it has been described that patients with essential hypertension (EH) have 

increased concentrations of circulating IL-Iß (7,8). Some drugs of the ACE inhibitors 

group, a major class of antihypertensive drugs, have antiinflammatory effects both in 

vitro and in vivo, which include inhibition of TNF and IL-1 production in vitro (9) and 

decrease in the antibody response (Ю). Treatment with Captopril reduces inflammation 

in murine Coxsackie virus myocarditis (11), ameliorates glomerulonephritis in mice 

(12), and reduces symptoms in patients with rheumatoid arthritis (13). These actions 

may be explained by inhibition of the inflammatory actions of angiotensin II (A-II). Α

Π has chemotactic properties (14), binds to macrophages, increases the macrophage-

mediated oxidation of low-density lipoproteins (LDL) (15), and induces platelet-derived 

growth factor (PDGF) in smooth muscle cells (16). Another newly described class of 

antihypertensive drugs, the A-II type 1 receptor antagonists, are also able to antagonize 

the effects of A-II by blockade of A-II binding to the macrophage receptors, and 

therefore may also exert antiinflammatory effects (15). 
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The aim of the present study was to investigate the potential inhibitory effects of two 

anti-A II agents on cytokine production: one - Captopril, inhibits A-II synthesis from Α

Ι, and the other - valsarían, blocks the interaction of A-II with its type 1 receptor. We 

have investigated the effect of the two drugs both in vitro after stimulation of peripheral 

blood mononuclear cells (PBMC) with lipopolysaccharide (LPS), and in U n 

stimulated whole blood after in vivo administration of Captopril or valsarían to patients 

with EH. The effects on the proinflammatory cytokines TNF and IL-1, and on the 

antiinflammatory cytokines IL-IRa and IL-6, were evaluated. 

Materials and Methods 

In-vitro modulation of cytokine production. Blood was drawn from 12 healthy 

volunteers, between 9 and 11 a.m. The volunteers refrained from heavy excercise, and 

had no infection or autoimmune disease known to influence the cytokine production 

capacity. 

Isolation of PBMC was performed as described (1?), with minor modifications. Briefly, 

venous blood was drawn into 10-ml EDTA tubes (Monoject, 's-Hertogenbosch, The 

Netherlands). The PBMC fraction was obtained by density centrifugation of blood 

(diluted 1:1 in pyrogen-free saline) over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, 

Sweden). PBMC were washed twice in saline, and suspended in culture medium (RPMI 

1640 Dutch modification, ICN Biomedicals. Inc., Costa Mesa, CA) supplemented with 

5% human serum, 1% gentamicine, 1% L-glutamine, 1% pyruvate. The cells were 

counted in a Coulter counter (Coulter Electronics, Mijdrecht, The Netherlands) and the 

number was adjusted to 5x10 cells/ml. One hundred μΐ were incubated at 37°C in 96-

wells plates (Greiner B.V., Alphen a/d Rijn, The Netherlands) with LPS (serotype 

055:B5, Sigma, St.Louis, MO) (final concentration 1 ng/ml), in the presence of various 

Captopril or valsarían concentrations (0,1,10,100, and 1000 μΜ) added to the cells 2h 
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before LPS. After 24 hours of incubation, the supernatants were frozen (-20°C) until 

assay. 

The effect of Captopril or valsartan treatment on cytokine production capacity. Twenty-

three patients with EH participated in the study assessing the effects of one dose of 50 

mg Captopril on the LPS-stimulated whole blood production of cytokines. In addition, 

the effects of one dose of 80 mg valsartan administered to five patients with EH was 

investigated. After obtaining informed consent, ex-vivo whole blood production assay 

was performed before and 2 hours after the administration of the drugs, as described 

(18). Briefly, blood was collected in one 4-ml and two 2-ml EDTA tubes (Vacutainer 

systems, Becton and Dickinson, Rutherford, NJ). The first tube was processed 

immediately and used for measuring circulating levels of TNFa, IL-Iß, IL-lRa and IL-

6. In the other tubes, ex-vivo cytokine production was determined; one tube was 

incubated with LPS (10 μg/ml) at 37°C for 24 hours, and the other without additional 

stimuli. After incubation, the tubes were centrifuged at 2250 rpm for 10 minutes. The 

plasma was separated and centrifuged at 15000 rpm for 5 minutes to obtain platelet-poor 

plasma. Aliquots were stored at -20°C until assay. 

Cytokine measurements. IL-lß, TNF-ot and IL-lRa were measured in duplicate by 

radioimmunoassay (RIA) as described elsewhere (1"). The sensitivity of the assay was 

20 pg/mL. The inter-assay variation of this RIA was less than 15%, and the intra-assay 

variation was less than 10%. IL-6 was measured in duplicate with an enzyme-linked 

immunosorbent assay (ELISA) (Pelikinc Compact™ human IL-6 ELISA kit, CLB, 

Amsterdam, The Netherlands) according to the manufacturer's instructions. The 

comparison between the various groups was performed using non-parametric Wilcoxon 

test, with a level of significance at p<0.05. 
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Results 

In-vitro modulation of cytokine production. The effect of Captopril and valsarían in 

various concentrations on endotoxin-stimulated cytokine production in vitro is shown in 

Fig.l. With increasing Captopril concentrations, production of IL-Iß, TNFa and IL-6 

tended to decrease. This inhibition was statistically significant only at a concentration of 

1000 μΜ Captopril for the production of TNF and IL-1, and not significant at any 

concentration for IL-6 (Fig.l). In contrast, the production of IL-1 Ra was increased by 

Captopril, especially at concentrations above 100 μΜ (Fig.l). 

The effects of valsarían on cytokine production were slightly different (Fig.l). While no 

signifficant effects on the production of TNF have been seen, high concentrations of 

100 to 1000 μΜ of valsarían significantly inhibited the production of IL-1, IL-IRa and 

IL-6(Fig.l). 

The effect of Captopril or valsarían treaímení in vivo on cytokine production capaciiy. 

To invesliagle whelher Ihe in-vitro effects of Captopril and valsarían on cytokine 

production are reflecled by similar effects in-vivo, we tested the effecl of one dose of 

eilher 50 mg Captopril or 80 mg valsarían administered to patienls wilh EH, on LPS-

slimulaled whole blood production of pro- and antiinflammatory cytokines. Circulating 

concenlralions of IL-1, TNF and IL-6 were below defection limil in all samples, 

whereas IL-IRa levels were between 150-400 pg/ml and did nol differ after 

administration of either Captopril or valsarían (dala nol shown). As shown in Fig.2, 

adminislration of neither of the two drugs had effects on the LPS-stimulated production 

of IL-1, IL-IRa, TNF, and IL-6 in whole blood. 
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Figure 1. The effects of captopnl (closed circles) and valsartan (open triangles) on 

endotoxin-induced IL-Iß (a), TNFa (b), IL-IRa (c), and IL-6 (d) production by human 

PBMC. *p<0.05 vs baseline. 
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Figure 2. Captopril (Fig.2a., a single dose of 50 mg) or valsarían (Fig.2b., a single dose 

of 80 mg) administration to patients with EH had no effect on endotoxin-induced 

cytokine production in whole-blood. Cytokine production was measured before (open 

bars) and after (closed bars) the administration of either of the two drugs. 
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Discussion 

The results reported in the present study show that modulators of the renin-angiotensin 

system, such as the ACE-inhibitor Captopril and the A-II receptor type I antagonist 

valsartan, affect the LPS-stimulated production of proinflammatory cytokines TNF and 

IL-1 and antiinflammatory cytokines IL-IRa and IL-6 by human PBMC. However, 

these effects are exerted mainly at high concentrations which cannot be achieved in 

vivo. Administration of one single dose of Captopril or valsartan did not influence 

endotoxin-stimulated production of cytokines by whole blood. 

The data presented in this study make unlikely that Captopril or valsartan could be used 

in anti-cytokine therapeutic strategies in humans, or that effects on cytokines play a role 

in therapy with these drugs. However, the possibility of accumulation in the organs with 

increased local Captopril or valsartan concentrations (20) does not preclude the 

possibility of immunomodulatory activities after longer treatment. This hypothesis 

remains to be investigated. 

Inhibitory effects of Captopril on IL-1- or LPS-stimulated production of 

proinflammatory cytokines have been also observed by Schindler and colleagues ("). 

They reported an inhibitory action of Captopril on the synthesis of TNF, IL-Ια and IL-

1 β, and this effect was presumably exerted at a post-transcriptional level, because no 

effect on TNF or IL-1 β mRNA could be observed (9). However, as in our study, the 

effects of Captopril on cytokine production were only seen with concentrations above 

100 μΜ, whereas the effects on IL-Iß -stimulated cytokines were significant at slightly 

lower Captopril concentrations ("). Interestingly, at these concentrations of Captopril, the 

production of IL-1 Ra was increased (Fig.lc), reflecting a shift in the favor of 

antiinflammatory cytokines. However, the need of high Captopril concentrations to see 

such effects indicates that these results cannot be readily extrapolated to the situation in 
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vivo. Peak Captopril concentrations that are attained in the bloodstream during therapy 

are around 2 μΜ (21), with the highest concentration ever recorded in a case of 

voluntary intoxication of approximatelly 250 μΜ (22). Indeed, Captopril administration 

did not influence the responsiveness of the blood to LPS in our study. 

The effect of an A-II receptor type I antagonist on the cytokine production capacity has 

been investigated for the first time in the present study. In-vitro, valsarían inhibited 

production of IL-1, IL-IRa and IL-6 by approximately 50%, whereas TNF stimulation 

was not influenced (Fig.l). Unfortunately, as in the case of Captopril, these effects were 

seen only at concentrations above 100 μΜ, which are much higher than the peak levels 

during therapy in vivo, reaching 8 μΜ (23). in agreement with this notion, valsarían 

administration to patients with EH had no effect on cytokine production capacity. 

The differential effects of Captopril and valsarían in vitro suggest that inhibition of A-II 

is nol Ihe sole palhway by which Ihese drugs affect cytokine production. This is 

sustained by the observation lhat other polent ACE-inhibilors, such as ramipril, 

Perindopril and lisinopril, do nol influence cytokine produclion (9). An alternative 

hypothesis is that Captopril acls Ihrough ils capacity lo induce prostaglandins (24), 

which are potent inhibitors of cytokine synthesis (25). Whether valsartan may also act 

Ihrough other mechanisms than blockade of A-II receptors is nol known. 
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Abstract 

Amphotericin В is an antifungal drug associated with side effects such as fever and chills, 

symptoms which may be mediated by proinflammatory cytokines such as interleukin-lß 

(IL-1 β) and tumour necrosis factor-α (TNFa). We assessed the capacity of amphotericin 

В to modulate production of these pro-inflammatory cytokines as well as the anti

inflammatory IL-1 receptor antagonist (IL-Ira), induced by LPS, heat-killed Candida 

albicans or Staphylococcus aureus. The results of the present study show that 

amphotericin В slightly increased the production of pro-inflammatory cytokines by human 

mononuclear cells (PBMC), whereas the production of the anti-inflammatory cytokine IL-

lra was significantly inhibited. This results in a shift towards pro-inflammatory cytokine 

production, as indicated by a decreased IL-lra/IL-lß ratio. Measurement of mRNA 

expression by semi-quantitative RT-PCR indicated a higher IL-Iß and TNFa mRNA. In 

conclusion, amphotericin В is able to cause a shift towards pro-inflammatory cytokine 

production by human PBMC. This may explain the side effects such as fever and chills 

observed after treatment of patients with amphotericin B. 
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Introduction 

The polyene compound amphotericin В is the cornerstone for anifungal therapy in 

critically ill patients with systemic fungal infections. Amphotericin В binds with a high 

affinity to ergosterol, the principal sterol of the fungal cell membrane. This binding alters 

membrane permeability with subsequent leakage of cations, eventually resulting in cell 

death [1]. Apart from this direct antifungal effect, amphotericin В is also able to increase 

the fungicidal properties of the macrophages [1,2,3]. It is conceivable that the severe and 

dose-limiting adverse effects of amphotericin B, such as fever and chills, may be mediated 

at least in part through induction of pyrogenic proinflammatory cytokines [1]. 

Tumour necrosis factor-alpha (TNF) and interleukin-1 (IL-1) are proinflammatory 

cytokines which are thought to mediate many pathophysiologic events in severe 

infections, including fever, hypotension and multiple organ failure [4]. Contradictory data 

have been published regarding the capacity of amphotericin В to induce production of pro

inflammatory cytokines. Some authors have reported that amphotericin В is able to induce 

synthesis of proinflammatory cytokines in vitro [5-9]. In contrast, others have been unable 

to reproduce such findings, no increase of cytokine production being found by 

amphotericin В stimulation [2,10,11]. 

Moreover, there are counterregulatory mechanisms such as production of anti

inflammatory cytokines, that can block the effects of pro-inflammatory cytokines. IL-Ira 

is the natural antagonist of IL-Iß, its binding to IL-1 receptor blocking the effects of IL-Iß 

stimulation. The capacity of amphotericin В to inhibit the production of this potent 

modulatory cytokine could be an important factor causing the above mentioned adverse 

effects. Such an imbalance between pro-inflammatory and anti-inflammatory cytokines, 

expressed as the IL-lra/IL-lß ratio, in favour of the pro-inflammatory cytokines, was 

recently found to be a key event in patients with type I diabetes, chronic inflammatory 

bowel disease, rheumatoid arthritis and Lyme arthritis [12-15]. The aim of the present 

study was to investigate whether amphotericin В is able to stimulate proinflammatory 
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cytokine production by human peripheral blood mononuclear cells or to modulate 

cytokine production induced by various bacterial and fungal stimuli. We also assessed 

whether the balance between pro- and anti-inflammatory cytokines is modulated by 

amphotericin B. 

Materials and methods 

Reagents. Amphotericin В was purchased from Fungizone(R) (Bristol-Myers Squibb, 

Woerden, The Netherlands), containing 50 mg of amphotericin B, 41 mg of sodium 

deoxycholate and 20.2 mg of sodium phosphate per vial, and was dissolved in sterile, 

pyrogen-free dextrose 5%. The preparation contained less than 0.06 endotoxin units of 

lipopolysaccharide (LPS) per ml as checked by Limulus amoebocyte lysate assay. LPS 

(Escherichia coli serotype 055:B55) was purchased from Sigma Chemical Co. (St.Louis, 

MO). Culture medium (RPMI1640 Dutch modification, ICN Biomedicals Inc., Costa 

Mesa, CA) was supplemented with 5% human serum, 1% gentamicin (50 μg/ml), 1% L-

glutamine (2mM), and 1% pyruvate (ImM). 

Stimulation of peripheral blood mononuclear cells (PBMC). Isolation of PBMC was 

performed as described [16], with minor modifications. Briefly, venous blood, obtained 

from nine healthy volunteers, was drawn into 10-ml tubes containing 0.2 mg of EDTA 

(Monoject, 's-Hertogenbosch, The Netherlands). The PBMC fraction was obtained by 

density centrifugation of blood (diluted 1:1 in pyrogen free saline) over Ficoll-Paque 

(Pharmacia Biotech AB, Uppsala, Sweden). PBMC were washed twice in saline, and 

resuspended in culture medium. The cells were counted in a Coulter counter (Coulter 

Electronics, Mijdrecht, The Netherlands) and the number was adjusted to З.Зх 10 

cells/ml. The capacity of amphotericin В to stimulate or modulate cytokine production 

was assessed by incubation of 150μ1 of the PBMC suspension (5x10 cells) for 24h at 37 

°C in 96-well plates (Greiner B.V., Alphen a/d Rijn, The Netherlands) with amphotericin 
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В in various concentrations (0; 0.125; 0.25; 0.5; 1 and 2 μ^πιΐ), or the corresponding 

vehicle, with or without LPS (1 ng/ml). 

To investigate the capacity of amphotericin В to modulate cytokine production induced by 

other inflammatory stimuli, PBMC were incubated for 24h at 37 °C with heat-killed 

(100°C, 30 min) Staphylococcus aureus (ATCC 25923), or heat-killed Candida albicans 

(strain UC820) at 2 χ 10 CFU/well, in the presence or absence of amphotericin В (2 

μ^ΓηΙ). 

Cytokine measurements. After 24 h of incubation at 37 °C in 5% CO2 with the stimuli 

mentioned, supematants were collected, and frozen (-80°C) until measurement of 

cytokines. The concentrations of TNFa, IL-lß and IL-lra were determined by 

radioimmunoassay as described previously [17]. Detection limits were 20 pg/ml (TNFa), 

40 pg/ml (IL-lß), and 600 pg/ml (IL-lra). 

mRNA measurement. After 4h of incubation at 37°C in 5% CO with the stimuli 

mentioned, the supematants were discarded and 100 μΐ of RNAsol (Cinna/Biotecx 

Laboratories, Houston TX) were added to the adherent cells in order to isolate RNA. 

mRNA was isolated by the RNAsol method, as described by the manufacturer. Semi

quantitative RT-PCR (from a 0.5 μg sample RNA) was performed as described before 

[18]. The following primers have been used for the PCR reactions: ß2m, sense, 5'-

CCAGCAGAGAATGGAAAGTC-3\ and antisense, 5'-GATGCTGCTT-

ACATGTCTCG-3'; TNFa, sense, S'-ACAAGCCTG -TAGCCCATGTT-3\ and 

antisense, 5'-AAAGTAGACCTGCCCAGACT-3'; IL-lß, sense, 5'GGATAT-

GGAGCAACAAGTGG-3', and antisense, 5'-ATGTACCAG-TTGGGGAACTG-3' 

(Eurogenetic, Seraing, Belgium). PCR cycles were performed (26 cycles for ß2m, and 30 

cycles for IL-1 β and TNFa) with sets at 92°C for 30 sec., 55°C for 30 sec, and 72°C for 

90 sec., using a Mastercycler 5330 (Eppendorf, Hamburg, Germany). PCR products were 

run on 2% agarose gels stained with cthidium bromide. The gels were scanned on a 

densitometer (GS-670, Bio-Rad, Veenendaal, The Netherlands) and analyzed using 
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Molecular Analyst™ software (Bio-Rad). The relative amount of TNFa and IL-1 β mRNA 

in a sample was expressed as a ratio versus the amount of mRNA for the housekeeping 

gene ß2m. 

Statistical analysis. Values were expressed as means ± SEM. Comparisons between 

groups were performed using the Kruskall-Wallis test. The Wilcoxon signed-rank test was 

used for paired values. For all comparisons the level of significance was set at p<0.05. 

Results 

Modulation of cytokine production by amphotericin B. Stimulation of PBMC with 

amphotericin В did not induce IL-1 β production, whereas TNFa production was 

marginally increased, and IL-lra production slightly decreased when compared to 

unstimulated cells (Table 1). To assess the capacity of amphotericin В to modulate the 

LPS-induced production of cytokines, cells were incubated with LPS or LPS plus 

amphotericin B. Amphotericin В slightly increased the LPS-induced IL-1 β and TNFa 

production, whereas IL-lra production was significantly reduced at amphotericin В 

concentrations higher than 0.25 μg/ml (Table 1). 

Determination of cytokine mRNA. The expression of IL-Iß mRNA by PBMC stimulated 

with 2μg/ml of amphotericin В was not influenced (Fig. la), whereas TNFa mRNA was 

significantly increased when compared to unstimulated cells (p<0.05, Fig.lb). 

The combination of amphotericin В (2 μg/ml) and LPS increased IL-1 β mRNA (p<0.05, 

Fig.la) and slightly increased TNFa mRNA when compared with LPS stimulation alone 

(Fig.lb). This strongly suggests that amphotericin В exerts its action at a transcriptional 

level. 
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Because an imbalance between the pro-inflammatory IL-Iß and the anti-inflammatory IL-

lra may play an important role in the development of the adverse effects due to 

amphotericin В therapy, we calculated the IL-lra/IL-1 β ratios. The IL-lra/IL-lß ratio was 

significantly reduced in the presence of amphotericin В (Fig.2). 

Table 1. Influence of amphotericin В on cytokine production by human PBMC. 

AmB TNF(ng/ml) IL-1 (ng/ml) IL-lra(ng/ml) 

^g/ml) control LPS control LPS control LPS 

0 0.1±0.1 3.4±0.9 <0.04 1.8±0.3 10.1+0.9 11.0±0.9 

0.125 0.2±0.2 3.7±0.9 <0.04 1.8±0.3 9.2±1.0 10.4±1.0 

0.25 0.2±0.1 3.6±0.8 <0.04 1.7±0.2 9.6±1.8 11.0+1.8 

0.5 0.2±0.1 4.4±1.2 <0.04 1.9±0.3 8.6±1.0 9.6±0.8* 

1 0.2±0.1 3.810.9 <0.04 2.2±0.6 8.8±1.1 9.6±1.2 

2 0.210.08 3.7Ц.2 <0.04 2.3Ю.7 8.5+1.1 8.8+1.3* 

Data are mean + SEM (n=9). PBMC were incubated with 0-2 μg/ml amphotericin B, in 

the presence or absence of LPS (1 ng/ml). *p<0.05 when compared with stimulation 

without amphotericin В (Wilcoxon signed-rank test). 
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In a separate expenment, we investigated whether the duration of stimulation was 

important for the effect of amphotericin В Cells were stimulated with LPS in the presence 

or absence of 1 μ^πιΐ amphotericin В and supernatants were harvested after 2,4, 8,12 

and 24h of incubation Cytokine production increased steadily with various incubation 

periods The production of TNFa an IL-lß were marginally increased whereas IL-lra 

production was decreased by amphotericin В with or without LPS stimulation (data not 

shown) These effects were similar at all time points tested and did not differ from those 

obtained with 24h incubation 

Table 2 Cytokine production by human PBMC after incubation of heat-killed Candida 

albicans or Staphylococcus aureus with 2 μg/ml amphotericin В 

TNF(ng/ml) IL-l(ng/ml) IL-lra (ng/ml) 

C.albicans 12 5 ± 7 1 6 4 ± 4 3 128±38 

С albicans+amphotencin В 11 5 ± 6 3 5 6 ± 3 4 10 3 ± 2 2 

S aureus 119±63 51 ± 2 8 1 2 9 ± 2 3 

S^aursiis+amphotencin В 11 1 ± 6 2 6 5 ± 3 9 10 0 ± 3 0* 

*p<0 05 compared to S.aureus stimulation alone (Wilcoxon signed-rank test) 

Stimulation of PBMC with C.albicans or S.aureus To investigate whether amphotericin В 

is able to modulate cytokine production by inflammatory stimuli other than LPS, we 

assessed the cytokine production of PBMC induced by heat-killed С albicans or S aureus 
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with or without amphotericin В (2 μ^πιΐ). After 24 h of incubation, no significant effect 

of amphotericin В on cytokine production induced by C.albicans was found (Table 2). 

S.aureus-induced production of TNFa was not influenced by amphotericin B, whereas 

IL-Iß was marginally increased (Table 2). In contrast, IL-Ira production was significantly 

decreased by amphotericin В (p<0.02, Table 2). This resulted in a significantly reduced 

IL-lra/IL-lß ratio (p<0.02, Fig.3). 

Discussion 

The results of the present study show that amphotericin В slightly increases the production 

of pro-inflammatory cytokines by human mononuclear cells, whereas the production of 

the anti-inflammatory cytokine IL-Ira is significantly inhibited. This results in a shift 

towards pro-inflammatory cytokine production, as indicated by a decreased IL-lra/IL-lß 

ratio. Determination of the effect of amphotericin В on cytokine mRNA expression shows 

an increased IL-Iß and TNFa mRNA expression, indicating that amphotericin В exerts its 

effect at a transcriptional level. 

In view of the side effects of intravenously administered amphotericin B, such as fever 

and chills, it is conceivable that the pathophysiological mechanism responsible for this 

phenomenon involves an imbalance in the production of pro-inflammatory and anti

inflammatory cytokines. This balance was recently found to play a key role in patients 

with type I diabetes, chronic inflammatory bowel diseases, in rheumatoid arthritis and 

Lyme arthritis [12-15]. 

Until now, the reports on the capacity of amphotericin В to stimulate the production of 

cytokines in vivo have been contradictory. Several investigators have reported increased 

cytokine production upon amphotericin В stimulation of mononuclear cells in vitro [5,7-

9,19], whereas others have been unable to find such an effect [2,10,11]. In order to explain 
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Figure 1. IL-1 β (a) and TNFa mRNA (b) expression by human mononuclear cells 

incubated for 4h with dextrose, amphotericin В (2ц^т1), LPS (1 ng/ml) or LPS + 

amphotericin B. 

* p<0.05 vs. dextrose stimulation. # Ρ <0.05 vs.LPS stimulation alone. 
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Figure 2. IL-lra/IL-1 ß ratio (mean ± SEM), in the supematants of human mononuclear 

cells incubated for 24h with LPS (1 ng/ml) or LPS + amphotericin В (AmB) in various 

concentrations. Comparisons between groups were performed using the Wilcoxon signed-

rank test. * Ρ <0.05 when compared with LPS stimulation. 

this discrepancy, it is important to underline that also in the studies reporting induction of 

cytokines by amphotericin B, the stimulation was much lower than that obtained with 

astrong stimulus such as LPS [5-8]. An explanation that may account for the differences 

between studies reported is the source of the cells that have been used, some studies being 
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Figure 3. IL-1 га/IL-Iß ratio (mean ± SEM) in the supematants of PBMC incubated for 

24h with heat-killed S.aureus or C.albicans. with or without amphotericin В (2 μg/ml). 

Comparisons between groups were performed using the Wilcoxon signed-rank test. 

* Ρ <0.05. 

performed with human PBMC [2,10,11], whereas others have been performed with 

murine macrophages [5,7-9,19]. Several studies have reported an effect of amphotericin В 
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on in vivo production of proinflammatory cytokines after administration to mice [9,19]. 

Together with the clinical finding that amphotericin В causes fever accompanied by rises 

in cytokine concentrations when injected into humans [20,21], and the moderate effect of 

amphotericin В on the proinflammatory cytokine production by human PBMC in vitro, 

these findings suggest that pyrogens may be induced via an indirect mechanism in vivo 

after injection of amphotericin B. Interactions with plasma factors or induction of 

secondary mediators of cytokine induction may be some of the potential indirect 

mechanisms. 

Several authors have reported the ability of amphotericin В to inhibit the cytokine 

production induced by C.albicans [10,11,19]. However, in two of these studies [11,19] 

live C.albicans with or without amphotericin B, or filtrates from live Candida 

preincubated with amphotericin В were added to cells. In both cases differential growth of 

the microorganism in the presence of the antifungal drug could have been the cause of 

reduced cytokine production. In the study of Raponi and colleagues, C.albicans was 

preincubated with amphotericin В before being added to cells, and this preincubation 

might have affected the amounts of mannoproteins on the cell wall of the yeasts [22]. 

Since mannoprotein constituents are potent incucers of proinflammatory cytokines [23], it 

is probable that modification of the Candida cell wall by amphotericin В has been 

responsible for the decreased induction of cytokines. Since we have added heat-killed 

C.albicans and amphotericin В at the same time point to PBMC, modulation of Candida 

growth by amphotericin did not occur and the changes in the cell wall of the yeast may 

have been less significant. As a result, no effect of amphotericin В on C.albicans- induced 

cytokine production by PBMC was found. 

Amphotericin В did not influence the S.aureus-induced production of TNFa, whereas it 

marginally increased IL-1 β production and significantly reduced the II-Ira production as 

well as the IL-lra/IL-lß ratio. Unlike the cell wall of Gram-negative bacteria, the cell 

walls of Gram-positive bacteria like S.aureus do not contain LPS but lipoteichoic acids 

(LTA). The physiochemical properties of LT A are similar to those of LPS [24,25]. 



124 Chapter 7 

Kusunoki and colleagues [25] showed that S.aureus LTA binds soluble CD14 and blocks 

binding of LPS to soluble CD14 The similarity between LPS and LTA may explain the 

resemblance of the PBMC response to LPS and S,aureus perceived m our study 

In conclusion, amphotericin В is able to cause a shift towards pro-inflammatory cytokine 

production by human PBMC. This may explain the side effects such as fever and chills 

observed after intravenous administration of amphotericin В to patients with systemic 

mycosis 
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ABSTRACT 

Lipoproteins can bind lipopolysaccharide (LPS) and decrease the LPS-stimulated 

production of pro-inflammatory cytokines. We investigated the effect of increased 

plasma concentrations of low-density-lipoproteins (LDL) on survival and cytokine 

production after a lethal challenge with either LPS or live Gram-negative bacteria in 

LDL receptor deficient mice (LDLR-/-). The LDLR-/- mice challenged with LPS had 

an 8-fold increased LDjo when compared with the wild type controls (C57B1/6J), while 

tumor necrosis factor α (TNFa) and interleukin-1 α (IL-lcc) plasma concentrations 

were decreased 2-fold. LDLR-/- mice had significantly lower and delayed mortality 

than control mice after infection with Klebsiella pneumoniae. No differences in the 

outgrowth of bacteria in the organs were present between the two groups, while 

circulating cytokine concentrations were decreased 2-fold in LDLR-/- mice. In contrast, 

the LPS-stimulated in-vitro production of cytokines by peritoneal macrophages of 

LDLR-/- mice was significantly increased compared with controls. This increase was 

associated with enhanced specific binding of LPS to the macrophages of LDLR-/- mice. 

In conclusion, endogenous LDL can protect against the lethal effects of endotoxin and 

Gram-negative infection. At least part of this protection is achieved through decreased 

in-vivo production of pro-inflammatory cytokines, in spite of increased cytokine pro

duction capacity. 
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INTRODUCTION 

Mammals infected with Gram-negative bacteria may develop a severe syndrome 

characterized by hypotension, disseminated intravascular coagulation, and renal, hepatic 

and cerebral damage. Most of these deleterious effects can be mimicked by infusion of 

endotoxin, a lipopolysaccharide (LPS) component of the cell wall of Gram-negative 

bacteria ('). Binding of LPS to various receptors on leukocytes triggers the production 

and release of proinflammatory cytokines as tumor necrosis factor α (TNFa), 

interleukin-la (IL-la) and IL-lß. In experimental models, treatment of animals with 

anti-TNF antibodies attenuates the lethal effects of endotoxin or Gram-negative bacteria 

(V). A protective effect can also be obtained by treatment with either of the naturally 

antagonists of TNF or IL-1, soluble TNF receptors or IL-1 receptor antagonist ( , ). 

Thus, these cytokines are thought to play a central role in the pathophysiology of sepsis. 

Once LPS enters the circulation, initial interactions with LPS-binding protein (LBP) and 

lipoproteins play a critical role in subsequent stimulation of pro-inflammatory cytokine 

synthesis. The LPS-LBP complex is bound by CD14, the cellular receptor for LBP, and 

this binding stimulates macrophages to release pro-inflammatory cytokines ( ' ). Recent 

studies also suggest that LBP may facilitate the binding of LPS not only to CD14, but 

also to lipoproteins (8), either by direct action of LBP or by a two-step reaction in which 

LPS is first transferred to sCD14 and subsequently to HDL C). In plasma, LPS bind to 

the various types of lipoproteins: high-density lipoproteins (HDL) (10), low-density 

lipoproteins (LDL) ("), very-low-density lipoproteins (VLDL) (12) and chylomicrons 

(13). Formation of LPS-lipoproteins complexes greatly reduces the binding of LPS to 

macrophages (14,15). In vitro, this results in decreased production and release of the pro

inflammatory cytokines TNF, IL-1 and IL-6 (16,17), and a subsequent loss of LPS toxici

ty. 

The potential protective effect of lipoproteins against LPS-toxicity in vivo has been 

investigated in recent studies. Preincubation of LPS with lipoproteins prior to injection 
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into animals decreased the mortality (10), while the in vivo infusion of lipoproteins mar

kedly reduced the cytokinemia and mortality after LPS administration (18). Transgenic 

mice that express human apolipoprotein A-l at high levels and thus have elevated 

plasma HDL concentrations are protected against LPS challenge (19). In contrast, 

hypolipidemic mice are more sensitive to the toxic effects of endotoxin i20). 

All these studies have shown a protection by lipoproteins against LPS effects, while 

only one recent study has reported that hyperlipoproteinemia may beneficially influence 

severe infections with live microorganisms (21). In a rat model of cecal ligation and 

puncture, infusion of exogenous chylomicrons reduced both circulating LPS and TNF 

concentrations and mortality. However, no data regarding the effect of endogenously 

elevated lipoprotein concentrations on severe infections have been reported. In the pre

sent study, we assessed the effects of a lethal LPS challenge and a lethal Gram-negative 

infection with Klebsiella pneumoniae in the recently developed low density lipoprotein 

receptor knockout mice (LDLR-/-). These LDLR-/- mice have a markedly increased 

plasma cholesterol concentration compared with the wild-type controls, due to a seven

to nine fold increase in intermediate density lipoproteins (IDL) and LDL С2). To study 

the mechanisms involved in the lipoprotein-induced protection we assessed the bacterial 

outgrowth in the organs and the cytokine response during infection. In addition, we 

studied the cytokine production capacity by the peritoneal macrophages of the LDLR-/-

and control mice. 

METHODS 

Animals. Homozygous C57B1/6J mice lacking low density lipoprotein receptors (LDLR 

-/-) and wild-type littermates were obtained from the Jacksons Laboratory (Bar 

Harbour, ME) as mating pairs, and bred in our local facility. For the experiments, 6-8 

weeks old mice, weighing 20-25 g, were used. The animals were fed standard laborato

ry chow (Hope Farms, Woerden, the Netherlands) and housed under specific pathogen-
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free conditions. The experiments were approved by the ethical committee on animal 

experiments of the Catholic University Nijmegen. 

Lethal endotoxemia model. Lipopolysaccharide (LPS; Escherichia coli serotype 

055:B5) was obtained from Sigma Chemical Co (St.Louis, MO, USA). Groups of 

LDLR-/- and C57B1/6J mice were injected i.v. in the retroorbital plexus (after anaesthe

tizing with ether) with various amounts of LPS (0.25 - 2.5 mg/mouse). Ninety min after 

challenge with LPS, 5 animals from each group were anaesthetized with ether and bled 

from the retroorbital plexus for measurement of TNFa circulating concentrations. 

Another 5 animals per group were bled 4 h after LPS for measurement of IL-la and IL-

lß circulating concentrations. In the remaining mice (at least 5 animals/group), survival 

was assessed daily for 7 days. 

Lethal cytokinemia model. To investigate the role of TNF and IL-1 in the LPS-induced 

mortality, LDLR-/- and control mice received a single i.v. injection of recombinant 

human TNFa (50 μg/mouse) (kindly provided by dr.G.Adolf, Ernst-Boehringer 

Institut, Vienna, Austria), recombinant human IL-la (10 μg/mouse) (kindly provided 

by dr.P.Lomedico, Hoffmann-LaRoche, Nutley, NJ), or a combination of both. Several 

combinations of recombinant cytokines were used in different experiments: 10 μg 

TNFa with 1 μg IL-la, 20 μg TNFa with 5 μg IL-la, and 50 μg TNFa with 20 μg of 

IL-la. Survival was assessed every 12 h for 2 days. 

Klebsiella pneumoniae infection. Klebsiella pneumoniae (ATCC 43816), a strain that 

produces a lethal infection in normal mice, was injected i.v. in the retroorbital plexus 

(106 -107 CFU/mouse) into LDLR-/- and control mice (LD» 8 χ 105 CFU/ C57B1/6J 

mouse). To assess whether the same protection is obtained in a more sustained model of 

infection, K.pneumoniae 106 CFU/mouse was injected intramuscularly (i.m.) (LD50 5 χ 

IO5 CFU/ C57B1/6J mouse) into the left thigh muscle of the animals as des cribed (23). 

Survival was assessed daily for 14 days, in groups of at least 18 (i.v. infection) or 9 

animals (i.m. infection). The surviving animals were sacrificed on day 28 of infection. 
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After 90 min and 4h, subgroups of 5 mice were killed and blood was collected from 

retroorbital plexus for the measurement of cytokine concentrations. The outgrowth of 

the microorganisms from the blood, liver, spleen and kidneys of the animals was 

quantified 24 h after the injection of K.pneumoniae. The organs were removed 

aseptically, weighed, and homogenized in sterile saline in a tissue grinder. Serial 

dilutions of the homogenized tissues or blood (0.1 mL) were plated on sheep blood 

agar, and CFU were counted after overnight incubation at 37°C. 

To determine the circulating LPS concentrations, in a separate set of experiments 

groups of 10 LDLR-/- and control mice were infected i.v. or i.m. with 106 CFU 

K.pneumoniae as described above. Ninety min. and 4h after infection, groups of 5 

animals were anaesthetized and blood collected by intracardiac puncture into 5-ml 

pyrogen-free plastic vials (Falcon; Becton-Dickinson Labware, Lincoln Park, NJ) 

containing 25 IU of pyrogen-free heparin. The tubes were centrifuged at 200 g for 10 

min and plasma was collected and stored at -70°C until assay. 

Ex-vivo cytokine production. Resident peritoneal macrophages were harvested by 

rinsing the peritoneal cavity aseptically with cold PBS containing 0.38% (w/v) sodium 

citrate. After centrifugation for 10 min, 1800 cpm, at 4°C, cells were resuspended in 

RPMI1640 (Dutch modification; Flow Laboratories, Irvine, UK), containing 1 mM 

pyruvate, 2 mM L-glutamine and 100 μg/ml gentamicin. 105 cells/well were cultured in 

96-well microtiter plates (Costar Corporation, Cambridge, MA) in RPMI medium (final 

volume 200 μΐ), with or without LPS at a final concentration of 1 μg/ml. No plasma or 

serum was added to the culture medium. The supernatants were collected after 24 h of 

incubation at 37°C, and stored at -70°C until assay. To the remaining macrophages, 200 

μΐ RPMI 1640 was added, and the cells were disrupted by three freeze-thaw cycles to 

determine the cell-associated cytokine contents. The samples were stored at -70°C until 

cytokine measurements. 
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The cytokine production capacity of peritoneal macrophages was also measured after 

stimulation by heat-killed (100°C, 30 min) Staphylococcus aureus (ATCC 25923). The 

suspension was washed three times in RPMI (final concentration 2xl07 CFU/ml). One 

hundred μΐ suspension containing 106 microorganisms in RPMI were added to 105 

peritoneal macrophages in 96-welI microtiter plates and the cells were incubated 24 h at 

37°C. The samples were obtained and stored at -70°C until cytokine measurements, as 

described above. 

Cytokine measurements. TNFa, IL-la and IL-lß concentrations were determined using 

specific radioimmunoassays (RIAs) developed in our laboratory (24). Briefly, standards 

and samples were diluted in RIA-buffer (per liter: 10 mM Na2HP04.2H20; 12 mM 

EDTA; 1 ml sodium-azide (20% w/v); 2.5 g bovine serum albumin fraction Г (Sigma, 

St.Louis, MO); 1 ml triton X-100; 25 ml aprotinin solution (Trasylol, containing 

10,000 inhibitor units per ml, Bayer BV, Mydrecht, the Netherlands) diluted with 

deionized water milli-Q, pH 7.4). One hundred μΐ of an appropriate monospecific rabbit 

antiserum against the respective mouse cytokine was added to 100 μΐ of samples and 

standards. After vortexing, the tubes were incubated for 24 h at 4°C, followed by 

addition of 100 μΐ of the respective 125I labelled tracers. After 20 h, 750 μΐ RIA buffer 

containing 9% (w/v) polyethylene-glycol 6000, and 3% (v/v) goat-anti-rabbit IgG was 

added. The tubes were incubated for 20 min at room temperature and then centrifuged 

at 1500 g for 15 min. Supernatants were discarded carefully and quickly drained on 

absorbent paper. Remaining radioactivity was counted in a gamma-counter. The 

radioactivity in control tubes (the non-specific binding activity) was substrae ted from 

samples and standards. Detection limits were between 0.02 and 0.04 ng/ml. The mean 

of duplicate determinations was calculated for each sample. The accuracy of the 

cytokine assays was determined using reference preparations: murine recombinant 

TNFa, IL-la and IL-lß obtained from the National Institute of Biological Standards 

and Control (NIBSC, Hertfordshire, UK). Using various batches of tracers the bias of 

all cytokine-assays was less than 20%; interassay precision ranged between 10 and 13% 

depending on the concentration (n=22). 
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LPS measurements. Plasma samples were diluted 1/100 and 1/600 with apyrogenic 

saline and heated at 75 °C for 5 min before the limulus assay to remove the effect of 

serum inhibitors. LPS was determined in platelet-rich plasma by a chromo genie limulus 

amoebocyte lysate assay (Endosafe Inc., Charleston, SC). 

Radioactive labelling of LPS. E.coli 055:B5 LPS was labelled with tritium as described 

previously (25) with minor modifications. Briefly, LPS (5 mg/ml) was oxidized with 

sodium periodate (1.5 mg/ml) in 50 raM acetate buffer, pH 4.0 during 24 h. The 

remaining periodate was destroyed with ethylene glycol and the LPS was buffer-

changed and concentrated in an Amicon concentrator (molecular cut-off 10,000 Da). 

Ten mCi [3H] sodium borohydride (specific activity 21 Ci/mmol) was added to the 

oxidized LPS (5 mg/ml) in 1 mM Tris-HCl, pH 8.0. Following a 2 h incubation at 

room temperature, the reaction was terminated by the addition of 25 mg nonradioactive 

sodium borohydride. The tritiated LPS was purified on a PD-10 column (Pharmacia, 

Woerden, the Netherlands). Subsequently, the unincorporated H was removed by 

repeated concentration in an Amicon concentrator. Elution of the Η-labelled LPS 

preparation on a PD-10 column indicated that more than 95% of the 3H-label was 

associated with LPS both in the fresh preparation, as well as in the preparation 

incubated overnight at room temperature (the temperature of the incubation in the 

binding studies). The specific activity of this 3H-LPS was 16,000 cpm^g. 

Binding of radiolabelled LPS to peritoneal macrophages. Peritoneal macrophages from 

LDLR-/- and C57B1/6J mice were collected as descibed above, and 106 peritoneal 

macrophages were incubated in 100 μΐ RPMI1640 in 0.5 ml Eppendorf plastic cups. 

No plasma or serum was present in the system. Increasing amounts of [3H-LPS] (10,000 

-100,000 cpm) were added and the cells were incubated at room temperature for 45 

min (26). Cells were spun down (2000 g, 5 min), washed twice in 100μ1 RPMI, 

solubilized in scintillation fluid and counted in a ß-counter. Non-specific binding was 
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determined in the presence of a large excess of nonradioactive LPS. Specific binding of 

LPS was defined as the difference between total and non-specific binding. 

Determination of plasma lipids. Cholesterol and triglycerides were determined by 

enzymatic methods on a Hitachi 747 analyser. 

Statistical analysis. Survival data were analyzed using the Kaplan-Meyer log rank test 

(27). Differences in concentrations of cytokines and in organ counts of the microorga

nisms were analyzed using the Kruskall-Wallis test (M). Differences were considered 

significant at ρ < 0.05. All experiments were performed at least twice. 

RESULTS 

Lethal endotoxemia model. Plasma cholesterol concentrations are presented in Table I. 

The total cholesterol concentrations were 4-fold higher in LDLR-/- mice at all the time 

points tested. The plasma triglyceride concentrations differed only marginally in the two 

mouse strains both 90 min (0.67 ± 0.13 vs. 0.62 ± 0.09 mmol/L, p>0.05) and 4 h 

(0.50 ± 0.07 vs. 0.42 ± 0.06 mmol/L, p>0.05) after LPS. The survival of the LDLR-

/- mice was significantly increased when compared with C57B1/6J mice, the estimated 

endotoxin Luso dose being 8-times higher (p<0.001) (Fig.l). Mortality occurred in the 

first 48 h after endotoxin administration, without further mortality during the next days 

of the follow-up. Plasma concentrations of TNFa were significantly lower in LDLR-/-

mice 90 min after LPS administration, than in control animals (1.5 ±. 0.5 vs. 3 . 7 ± 0.9 

ng/ml, ρ <0.02) (Fig.2). Four hours after the endotoxin challenge, IL-la concen

trations were also lower in LDLR-/- mice (60 ± 21 vs. 106 +. 26 pg/ml, ρ < 0.05), 

while no differences in IL-Iß concentrations were detected (36 ±_ 9 vs. 37 +. 9 pg/ml, 

ρ > 0.05) (Fig.2). 
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Lethal cytokinemia model. To investigate whether the protection to a lethal injection of 

endotoxin is due to decreased susceptibility to proinflammatory cytokines, mice were 

injected i.v. with pro-inflammatory cytokines. The administration of either 50 μg 

recombinant human TNFa or 10 μg IL-Ια did not induce any mortality. After the 

administration of a combination of these cytokines, no protection by the high lipoprotein 

concentrations of LDLR-/- mice was observed. The mortality was 0% in both mouse 

strains when a combination of 10μg of TNFa and 1 μg IL-Ια was injected . When a 

100 

1.0 1.5 

LPS (mg/mouse) 

2.5 

Figure 1. Survival of LDLR-/- (closed triangles) and C57B1/6J mice (closed circles) 

after LPS challenge. Groups of at least 5 animals received an intravenous LPS challenge 

with the dosages shown on the X-axis and the outcome was recorded as percentage 

mortality after 48 h. LDLR-/- mice had a significantly improved survival when 

compared with the control animals. 
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combination of 20 μg TNFa with 5 μg IL-la was injected the mortality was 20% in 

LDLR-/- mice and 33% in the C57B1/6J mice (p>0.05), and when a combination of 50 

μg TNFa with 10 μg IL-la was injected the mortality was 80% in LDLR-/- mice, and 

91% in controls (p>0.05). The mortality occurred exclusively during the first 48 h. 

Έ 5 

σ> 

z 4 

TNF 

Έ 1І50 

- -125 

IL-1a IL-1B 

Figure 2. Plasma cytokine concentrations in LDLR-/- (grey columns) and control mice 

(black columns), after an intravenous injection with 1 mg LPS. The plasma concen

trations of both TNF (90 min after the LPS challenge) and IL-1 α (4 h after LPS 

challenge) were significantly decreased in LDLR-/- mice when compared with control 

mice. No differences in IL-lß plasma concentrations were detected 4h after LPS was 

injected. *p<0.05. **p<0.02. 
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Klebsiella pneumoniae infection. Cholesterol concentrations during K.pneumoniae 

infection decreased in both strains of mice. However, they remained significantly higher 

in LDLR-/- mice than in control mice (Table I). No significant differences in triglyce

ride 

levels 90 min after infection were found between the LDLR-/- and C57B1/6J mice (0.79 

± 0.11 vs. 0.75 ± 0.06 mmol/L, p>0.05). However, 4h after infection the 

triglycerides concentrations were slightly higher in LDLR-/- mice than controls (0.79 ± 

0.21 vs. 0.51 ± 0.07 mmol/L, p<0.05). After i.v. injection of IO7 CFU of K.pneumo

niae. LDLR-/- mice showed a delayed and decreased mortality (70%) compared with 

control animals (100%, ρ<0.01) (Fig.3). After an i.v. infection with 106 CFU, only 

42% of LDLR-/- mice died, in comparison with 67% of the C57B1/6J mice (p<0.05) 

(Fig.3). In the K.pneumoniae infection models studied, no deaths occurred after 14 days 

of infection. 

Table I. Plasma cholesterol concentrations (mmol/L) before and after LPS challenge and 

K.pneumoniae infection in LDLR-/- and C57B1/6J mice. 

LDLR-/- C57B1/6J 

Before infection 9.55 ± 1.11 2.25 ± 0.45 * 

After LPS 90 min 5.16 ± 1 . 5 3 1.42 + 0.27* 

4 h 4.10 ± 0 . 6 9 1.42+0.18 § 

After KjaiÊUiiL 90 min 5.72 ±1 .05 1.78 ± 0 . 0 8 * 

4 h 6.27 ±1 .16 1.96 ± 0.17 § 

24 h 7.42 ±0 .63 2.54 ± 0 . 7 1 * 

LDLR-/- and control mice were challenged with LPS (1 mg/mouse) or infected i.v. with 

106 cfu of K.pneumoniae. Each figure represents mean ± SD of 5 mice, ρ <0.01. 
§p<0.05 (for comparison between C57B1/6J and LDLR-/-). 
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No differences in K.pneumoniae outgrowth in the organs of the two groups 24 h after 

infection was observed (Table II). Also, quantitative blood cultures revealed no 

differences between the two mouse strains (Table II). However, the LPS concentrations 

in LDLR-/- tended to be lower when compared with C57B1/6J mice, in both strains 

100 

-Δ—Δ—Δ—Δ 

A À À A À r - g - i -g-g-g-i 

8 10 12 14 Days 

Figure 3. Survival of LDLR-/- and C57B1/6J mice after i.v. infection with Klebsiella 

pneumoniae. An i.v. injection of 107 CFU K.pneumoniae was given to LDLR-/- (closed 

triangles) and C57B1/6J mice (closed circles). Other groups of LDLR-/- (open triangles) 

and C57B1/6J mice (open circles) received 106 CFU K.pneumoniae. Survival was 

significantly improved in LDLR-/- mice. The figure gives pooled data of three experi

ments with at least 18 mice per group each. 
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reaching high values 90 min after i.v. injection of Klebsiella, and decreasing at 4 h 

(Table III). TNFa concentrations in the plasma of LDLR-/- mice measured 90 min 

after infection were lower compared with control mice, although statistical significance 

was not reached (0.45 ± 0.46 vs. 0.81 ± 0.61 ng/ml, ρ>0.05). Concentrations of IL-

la in the plasma of LDLR-/- mice were lower as compared with control mice at 4 h 

after infection (56 ±. 40 vs. 114 i 9 pg/ml, p<0.04); only marginally lower IL-lß was 

detected in LDLR-/- mice (55 ± 21 vs. 78 ± 13 pg/ml, p>0.05). 

When the more sustained К .pneumoniae infection was induced by intramuscular 

injection of 106 CFU, the survival in the LDLR-/- group was 56%, while only 11 % of 

the control animals survived (p<0.05). Most of the animals died between days 5 and 12 

of the follow-up. No differences in the outgrowth of K.pneumoniae in the organs and 

blood of the two mouse strains were found (Table II). LPS plasma concentrations were 

similar in both mouse strains (Table ΠΙ). 

The LPS determinations were performed after heating the plasma, a process which 

liberates lipoprotein-bound LPS, and thus the total plasma LPS rather than the free LPS 

concentrations were assessed. Compared with i.v. infection, the LPS concentrations 

during the i.m. infection were lower 90 min after infection, but higher at 4h. This was 

also accompanied by later increases in cytokines: TNFa and IL-la plasma concentra

tions in most of the samples after 90 min were below the detection limit, to become 

detectable at 4 hours. At the latter time point, a tendency towards decreased circulating 

concentrations of TNFa (101 ± 89 vs. 235 ± 228 pg/mL, p>0.05) and IL-la (35 ± 

12 vs 85 _£ 52 pg/ml, ρ> 0.05) was observed in the LDLR-/- mice when compared 

with controls, although statistical significance was not reached. IL-lß concentrations 

were below detection limit both 90 min and 4 hours after infection. 

Ex-vivo cytokine production capacity. To investigate whether the decreased in-vivo 

cytokine production by the LDLR-/- mice was due to reduced cellular production 

capacity, rather than to LPS binding and neutralization by the high lipoprotein 
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concentrations, resident peritoneal macrophages were stimulated m vitro by LPS in the 

absence of plasma or serum Somewhat surprisingly, cytokine concentrations in 

supernatants of macrophages from LDLR-/- mice were 2- to 3-fold higher after LPS 

stimulation when compared with C57B1/6J mice (Fig 4a) The cell-associated TNFa did 

not differ between the two mouse strains, while both cell-associated IL-1 α and IL-lß 

were increased m LDLR-/- mice (Fig 4b) This increased cytokine production capacity 

was observed only after LPS stimulation, and was not detected after stimulation with 

heat-killed Staphylococcus aureus (Fig 4a,4b) 

Table II Bacterial outgrowth m the organs of LDLR-/- and C57B1/6J mice 24h alter 

ι ν and ι m infection with 106 CFU К pneumoniae 

К pneumoniae ι ν 

K.pneumoniae ι m 

Liver 

Spleen 

Kidneys 

Blood 

Liver 

Spleen 

Kidneys 

Blood 

LDLR-/-

5 78 + 1 09 

5 72 ± 1 04 

4 83 ± 1 53 

4 63 ± 1 19 

5 50 i 1 08 

5 52 ± 1 57 

5 42 + 1 46 

4 97 ± 0 93 

C57B1/6J 

5 32 ± 1 30 

6 40 ± 1 02 

5 32 + 1 55 

504 + 1 00 

5 25 ± 0 71 

5 47 ± 0 86 

5 10 ± 0 49 

5 12 +.1 15 

The data represent mean +_ SD of log CFU/gram of tissue for 5 animals The results 

do not differ significantly for the three organs and the blood tested 
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Figure 4. Secreted (fig.4a) and cell-associated (fig.4b) cytokine production after in-vitro 

stimulation of peritoneal macrophages of LDLR-/- and control mice. 105 peritoneal 

macrophages/well were stimulated with either LPS (1 μg/ml) or heat-killed S.aureus 

CQ 

I 

_J 

(IO6 CFU/well) for 24 h at 37°C. ρ <0.05 
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Binding of tritiated LPS to peritoneal macrophages. To test whether the increased 

cytokine production capacity was due to increased LPS binding to macrophages, we 

assessed the specific binding of [3H-LPS] to the peritoneal macrophages of the two 

mouse strains. The specific binding of radiolabelled LPS to the peritoneal macrophages 

of LDLR-/- mice was significantly higher than to macrophages of C57B1/6J mice, after 

various amounts of 3H-LPS added: 2001 ± 318 vs. 1132 ± 222 cpm bound when 

10,000 cpm ^-LPS were added (p < 0.05); 5806 ± 442 vs. 2421 ± 476 cpm bound 

(30,000 cpm added) (p<0.05); and 15,840 ± 3,305 vs. 5,901 ± 368 cpm bound 

(100,000 cpm added) (p<0.05). The non-specific binding of tritiated LPS did not differ 

between the two mouse strains. 

Table ΙΠ. LPS circulating concentrations (ng/mL) in LDLR-/- and C57B1/6J mice after 

i.v. and i.m. infection with 106 CFU K.pneumoniae *. 

K.pneumoniae i.v. 90 min 

4 h 

K.pneumoniae i.m. 90 min 

4 h 

LDLR-/-

6.7 (3.9-30.5) 

2.9(1.5-4.2) 

2.3(0.L49.2) 

13.4(1.6-26.0) 

C57B1/6J 

25.7 (3.5-39.9) 

7.2 (3.8-28.7) § 

3.9(1.7-9.0) 

15.6 (1.9-81.5) 

T h e results represent median (interval) of groups of 5 mice, ρ < 0.05 (for comparison 

between LDLR-/- and C57B176J mice). Total LPS plasma concentrations were detected 

after heating the samples, a process which liberates lipoprotein-bound LPS. 
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DISCUSSION 

In this study we showed that LDL receptor deficient mice were protected against lethal 

endotoxemia as well as against severe infections with Gram-negative microorganisms, 

not only after acute i.v. infection, but also in a more subacute model of intramuscular 

infection with Klebsiella pneumoniae. Lipoprotein concentrations in the LDLR-/- mice 

are genetically elevated, due to increased IDL and LDL (n). Our approach thus differs 

from other models in which exogenous lipoproteins were administered to obtain hyperli

poproteinemia С ' 'l ). This intervention was associated with decreased cytokinemia 

and improved survival during lethal endotoxemia. The same protection was reported in 

mice in which endogenously elevated HDL were responsible for the increased lipopro

teins (19). The importance of endogenous lipoproteins in the protection against lethal 

endotoxemia was also observed by Feingold and colleagues Ç), who reported increased 

LPS-induced mortality when serum lipids were decreased by pharmacological agents. 

However, our study shows that the protection due to increased endogenous LDL can be 

extended to severe Gram-negative infections with live microorganisms. 

In general, mortality to infection is considered to be due to lethal cytokinemia or to 

functional impairment by excessive growth of microorganisms in the organs of the host. 

In the model of infection we studied, showing no difference in the number of circulating 

bacteria or the number of bacteria in the tissues, the protection was probably achieved 

through the high levels of LDL in the LDLR-/- mice, which are able to neutralize the 

effects of LPS released by similar bacterial loads as in the control mice, and 

consequently inhibit the induction of lethal concentrations of cytokines. The crucial 

role of cytokines in the response to a Gram-negative infection, independently of the 

bacterial load, has also been documented in our previous studies i29'30). 

The protection against the LPS component of Gram-negative bacteria by lipoproteins is 

achieved either by direct neutralization of LPS by forming LPS-lipoprotein complexes 

( 8 - 9 1 j , or by accelerating the clearance of LPS by lipoproteins (u). In this respect, we 
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considered if in our study an increased clearance of LPS or the direct neutralization of 

LPS by lipoproteins is playing the main role in the protection of LDLR-/- mice during 

K.pneumoniae infection. The LPS concentrations tended to be lower in LDLR-/- mice 

than in controls when the infection was induced by i.v. injection of K.pneumoniae. This 

may be due to increased LPS clearance, since we determined the LPS concentrations 

after heating the plasma before the assay, a procedure which liberates lipoprotein-bound 

LPS (31). However, in the i.m. K.pneumoniae infection model, the LPS concentrations 

were similar in the LDLR-/- and control mice. Since LDLR-/- mice in this model also 

showed decreased circulating cytokines, as well as decreased mortality compared with 

control mice, we conclude that probably the main mechanism of protection of LDLR-/-

mice in K.pneumoniae infection is through direct binding and neutralization of LPS by 

lipoproteins, rather than increased clearance of endotoxin. This is not surprising since 

the clearance of LDL, which is the main lipoprotein fraction increased in the LDLR-/-

mice, is decreased in these mice ( ), due to the lack of the receptor. 

The increased cytokine concentrations in the circulation during Gram-negative 

infections are thought to be induced by the LPS component of the cell wall. We have 

shown that LDLR-/- mice were more LPS tolerant, the LPS LD50 in LDLR-/- mice 

being increased aproximately 8-fold. Associated with the increased protection of LDLR 

-/- mice we observed decreased concentrations of the pro-inflammatory cytokines TNFa 

and IL-la. The LDLR-/- mice were not protected against a lethal injection of these 

cytokines, arguing against a direct inactivation of circulating cytokines by lipoproteins, 

and against decreased peripheral sensitivity of LDLR-/- mice to TNFa or IL-1. This 

confirms that the protection of LDLR-/- mice in lethal endo toxemia is due to an 

inactivation of the bacterial LPS by increased plasma lipoproteins, which in tum results 

in a blunted response of the pro-inflammatory cytokines. 

An interesting observation was made when we evaluated the in-vitro cytokine 

production capacity of the LDLR-/- mice. We showed that, in contrast to the in-vivo 

decreased cytokine production after LPS challenge, the in-vitro LPS-stimulated cytokine 
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production capacity of peritoneal macrophages of mice with hypercholesterolemia was 

higher than in control mice. This increase was observed for all the cytokines tested: 

TNFct, IL-la and IL-lß. An explanation for these findings could be up-regulation of 

LPS receptors on the macrophages of LDLR-/- mice. Indeed, our LPS-binding experi

ments showed increased specific binding of tritiated LPS to the macrophages of LDLR-

/- mice. In normal mice, exposure to small LPS quantities may down-regulate its own 

receptors on the host cells, as has been shown for the CD14 molecule on human cells 

( ). We hypothesize that in the LDLR-/- mice, such down-regulation of LPS receptors 

may not occur because the enhanced plasma lipoproteins rapidly bind and neutralize the 

circulating endotoxin. In our experiments, stimulation with S.aureus did not induce an 

enhanced cytokine production by the macrophages of LDLR-/- mice, suggesting a selec

tive down-regulation of LPS-receptors. Still, a direct effect of the high lipoprotein 

concentrations on the LPS receptors and LPS binding cannot be excluded, since others 

have shown that cholesterol modulates CD 14 expression on human cells (33), and the 

clustering of other glycophospholipid-anchored receptors C4). Because LPS binds not 

only to CD14, but also to CD1 lb/CD18, to the scavenger receptor, and possibly other 

membrane proteins, it remains to be elucidated which of these receptors and 

mechanisms contributed to the increased LPS binding. 

An increased cytokine production capacity has also been observed in monocytes of 

patients with familial hypercholesterolemia (35) and in individuals with high plasma 

HDL concentrations i36). The results of these studies and our present findings argue for 

a more general phenomenon of increased cytokine production by monocy

tes/macrophages of hosts with high circulating lipoprotein concentrations. The clinical 

importance of this phenomenon remains to be further studied. 
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ABSTRACT 

Lipoproteins are able to bind to lipopolysaccharide (LPS) and neutralize its deleterious 

effects. However, it is not clear why the LPS-binding capacity of circulating 

lipoproteins, which is 10- to 10000-fold above the maximal LPS concentrations found in 

septic patients, is not sufficient to inhibit the effects of LPS during an infection, whereas 

infusion of exogenous lipoproteins has a potent inhibitory action. In this study, we 

investigated the kinetics of LPS-neutralization by VLDL, LDL, and HDL, at 

lipoprotein-to-LPS ratios found in severe Gram-negative sepsis. At least 4 to 8h 

preincubation of LPS with either LDL or HDL were necessary to inhibit 50% of the 

LPS-induced TNFa production by human peripheral blood mononuclear cells (PBMC), 

whereas after 24h of preincubation LDL or HDL strongly inhibited the TNFa synthesis 

(70-90%, p<0.01). VLDL was the least effective lipoprotein fraction. In contrast, 

FITC-LPS bound to PBMC much more rapidly, with 70% of the total binding after 30 

min, and 90% after lh incubation. The increase of LDL or HDL concentrations up to 

10-fold (as in experimental models of hyperlipoproteinemia) was able not only to further 

decrease TNFa production after long LPS-lipoproteins preincubation periods, but also 

to improve the kinetics of LPS neutralization. In conclusion, LPS binds and stimulates 

the mononuclear cells in circulation before neutralization by endogenous lipoproteins 

can occur. Additional increase in the lipoprotein-to-LPS molar ratio (e.g. by infusion of 

exogenous lipoproteins) accelerates the kinetics of LPS neutralization, and may be 

useful as adjunctive therapy in severe Gram-negative infections. 
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INTRODUCTION 

The response of the host to Gram-negative bacteria during severe infection may lead to 

a systemic inflammatory syndrome characterized by hypotension, disseminated intra

vascular coagulation, renal, hepatic and cerebral damage. Most of these deleterious 

effects can be mimicked by infusion of endotoxin, the lipopolysaccharide (LPS) compo

nent of the cell wall of Gram-negative bacteria ('). Binding of LPS to various receptors 

on leukocytes triggers the production and release of proinflammatory cytokines such as 

tumor necrosis factor α (TNFa) and interleukin-lß (IL-lß). A large body of evidence 

suggests that these cytokines play a central role in the pathophysiology of sepsis, and 

modulation of their production is considered a potential adjunctive therapy in sepsis 

( 2 . 3 . , 5 ) 

Recent studies have shown that infusion of lipoproteins ( ' ) or hyperlipoproteinemia in 

genetically modified mice (8'9) is able to protect the host against lethal endotoxemia and 

severe Gram-negative infections. This protection appears to be achieved through 

binding and neutralization of LPS by circulating lipoproteins, with a subsequent 

decrease in LPS-stimulated cytokine production. Indeed, several in-vitro studies have 

shown that LPS can bind to the various types of lipoproteins present in circulation: 

high-density lipoproteins (HDL) (10), low-density lipoproteins (LDL) ("), very-low-

density lipoproteins (VLDL) (12) and chylomicrons (13). Formation of LPS-lipoprotein 

complexes increases the clearance of LPS (14), and greatly reduces its binding to cells 

(l5,16). This results in decreased production and release of TNF, IL-1 and IL-6 (1718). In 

contrast, hypolipidemic mice are more sensitive to the toxic effects of endotoxin (19). 

In view of these data showing the high capacity of lipoproteins to bind and inactivate 

LPS, and the fact that LPS-binding capacity of circulating lipoprotein is 10- to 10000-

fold above the maximal LPS concentrations found in septic patients, due to a high molar 

excess (8'u'20), it is surprising that circulating lipoprotein concentrations in normal hosts 

are not sufficient to inhibit the effects of LPS released during Gram-negative infections. 



158 Chapter 9 

In contrast, the 2- to 10-fold increase in plasma lipoprotein levels achieved by infusion 

of lipoproteins in experimental studies greatly improves the outcome. A recent study has 

shown that lipoproteins are effective in inhibiting TNFct production when infused 

before, but not shortly after LPS (21). This suggests that the kinetics of LPS neutrali

zation by lipoproteins is rather slow, and this may explain the low efficacy of normal 

lipoprotein plasma concentrations. In the present study we assessed the kinetics of LPS 

neutralization by lipoproteins in relation to its binding to and stimulation of human 

peripheral blood mononuclear cells (PBMC), and we hypothesized that LPS binds to 

PBMC before neutralization by lipoproteins can occur. Moreover, we investigated 

whether the increase in the lipoprotein concentration can influence this kinetics. 

RESULTS 

Lipoproteins inhibit LPS-induced TNFa production in a dose-dependent fashion. 

Stimulation of cells with lipoproteins in the absence of LPS did not induced TNFa 

production, arguing for the lack of endotoxin contamination in the isolated lipoprotein 

fractions. Stimulation of PBMC with LPS (lng/ml for 24 h at 37 °C) induced a potent 

TNFa response: 3.8 ± 1.6 ng/ml (mean ± SD). Preincubation of LPS (1 ng/ml) with 

LDL or HDL for 24h inhibited the capacity of LPS to stimulate TNFa production in а 

concentration dependent manner (Fig. la). Stimulation of cells with increasing LPS 

concentrations induced subsequent dose-dependent increases in TNFa synthesis (data 

not shown). When LPS in various concentrations (0.01 -10 ng/ml) was preincuba ted 

with HDL, LDL or VLDL for 24h before addition to the cells, a significant reduction 

in the stimulation of TNFa synthesis was observed, and this reduction was inversely 

correlated with the LPS concentration (Fig. lb). At high LPS concentrations (1 and 10 

ng/ml), this reduction was more evident for LDL and HDL than for VLDL. 
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Preincubation of LPS with lipoproteins is required for inhibition of cytokine production. 

To study the time required for the various lipoprotein subfractions to bind and neutralize 

LPS, the various lipoprotein fractions (VLDL, LDL and HDL) or LPDP were preincu-

bated with LPS for various periods of time. Thereafter, the suspensions were added to 

PBMC and stimulation was performed for an additional 24h. The kinetics of LPS 

neutralization was slow, with at least 4h needed to achieve a 50% inhibition, while the 

maximal inhibition was obtained as late as after 8h of preincubation (Fig.2). Inhibition 

of LPS by LDL was less pronounced than that obtained with HDL, and had the same 

slow kinetics, while VLDL was the least potent lipoprotein fraction (Fig.2). 

LPS binds rapidly to PBMC. The kinetics of FITC-labelled LPS binding to PBMC is 

shown in Fig.3a. In contrast to the slow kinetics of LPS-neutralization by lipoproteins, 

the kinetics of FITC-LPS-binding to cells was more rapidly, reaching 67% after 30 

min. and 87% after lh of incubation (Fig. 3a). 

LPS stimulates rapidly the TNFa production by PBMC. In a separate set of 

experiments we investigated the kinetics of LPS-stimulation of PBMC in terms of 

TNFa synthesis induction. Cells were incubated with LPS for various time intervals, 

the supernatant was collected and the cells were washed before medium was added for 

the remaining incubation time. The supernatant was collected again at the end of the 24h 

incubation period. Total TNFa production was calculated as a sum of the amounts of 

TNFa in the two supernatants. In control wells, cells were stimulated with LPS for a 

total of 24h (control production 4.3 ±_ 2.8 ng/ml). Stimulation of cells with LPS for 10 

min. resulted in a TNFa production that amounted 33 % of the control production after 

24h LPS stimulation, and this value increased to 55% with 30 min. stimulation, 76% 

with lh, 84% with 2h, 90% with 4h and 99% with 8h stimulation (Fig.3b). These data 

indicate not only that LPS binds to cells rapidly, but also that the time required for LPS 

to induce cytokine synthesis is short as compared to the kinetics of neutralization of 

endotoxin by lipoproteins. 
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Figure 1. a) LDL or HDL were diluted in lipoprotein-depleted plasma (LPDP) ("un" 
indicates undiluted lipoproteins). The effect of the various LDL and HDL dilutions on 
LPS (1 ng/ml)-induced cytokine production is shown, b) The various lipoprotein 
subclasses and LPDP were preincubated for 24h with LPS, before the mixture was 
added to PBMC for 24h stimulation. A significant decrease in LPS-induced TNFa has 
been seen for all lipoprotein subclasses. 
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Figure 2. The kinetics of lipoprotein-LPS binding and neutralization was investigated by 
preincubation of lipoproteins with LPS for various periods of time as shown in the 
figure, before the mixtures were added to PBMC for stimulation. Data are given as 
percentage of the production stimulated by LPS in LPDP at the corresponding time 
point. The kinetics of LPS neutralization was slow, with at least 4-8 h needed for 50% 
inhibition of TNFa production. The data are given as mean _±. SD (n=l l) . *p<0.05 

Higher lipoprotein concentrations increase the kinetics of LPS-neutralization. We 

investigated whether increasing the lipoprotein concentration, with an even higher 

lipoprotein-to-LPS molar ratio, leads to a more rapid neutralization of LPS-induced 

TNFa synthesis. As shown in Fig.4, 24h of preincubation of LPS with increasing LDL 
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or HDL concentrations (2-, 5- or 10-fold) resulted in a further reduction of TNFa 

synthesis. More importantly, this effect was more pronounced at shorter preincubation 

intervals (2h and 4h preincubation): the kinetics of LPS-neutralization was accelerated 

in the presence of high lipoprotein concentration (Fig.4). Therefore, increasing 

lipoprotein concentrations not only had a dose-effect, but also had a kinetic effect on the 

inhibition of LPS-induced TNFa production. 

DISCUSSION 

Recent studies have focused on the potential of lipoproteins to bind and neutralize LPS, 

and thus to protect the host against lethal endotoxemia and severe Gram-negative infecti

ons. However, several investigators have underlined that the LPS-binding capacity of 

circulating lipoprotein is 10- to 10000-fold above the maximal LPS concentrations found 

in septic patients, due to a high molar excess (811,20). Therefore, it was not clear why 

the endogenous lipoprotein levels do not protect against an LPS challenge. In the 

present study we have shown that this phenomenon may be explained by a difference in 

the kinetics of LPS binding to lipoproteins and PBMC, respectively. Our data suggest 

that binding of LPS to lipoproteins, at the molar ratios found in septic patients, is much 

slower than the binding of LPS to PBMC. Thus, LPS in patients with severe Gram-

negative infections and high LPS concentrations binds to cells and stimulates cytokine 

production before neutralization by plasma lipoproteins can occur. In addition, it has 

also been shown that a further increase in the lipoprotein-to-LPS molar ratio above the 

levels found in septic patients improves the kinetics of LPS-neutralization, and this may 

explain the beneficial effects of lipoprotein infusion in endotoxemia and Gram-negative 

infections. 

Early studies on the LPS-lipoprotein interaction have focused on the capacity of 

cholesterol ester-rich lipoproteins to interact with LPS. Ulevitch et al. elegantly 

demonstrated the ability of HDL to bind and neutralize endotoxin (10,22), while Van 
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Lenten et al. showed the same endotoxin-neutralizing capacity for LDL ( ). Subsequent 

studies have demonstrated that triglycerides-rich lipoprotein (VLDL and chylomicrons) 

are also able to interact with and inactivate LPS (1213). The data presented here also 

show that all lipoprotein fractions are able to neutralize the capacity of LPS to stimulate 

TNFa production by PBMC. In our hands, HDL and LDL were more potent in 

neutralizing LPS than VLDL, as has also been found in other studies (n·22·23). In con

trast, others have found a higher LPS-neutralizing capacity of VLDL (24). In this 

respect, it is important to underline that we have observed differences in the neutralizing 

capacity when VLDL was isolated from plasma or from serum, with higher VLDL 

neutralizing capacity when isolated from serum (Netea et al., unpublished results). We 

have chosen for the isolation of lipoproteins from plasma since it has been shown that 

coagulation can stimulate cytokine synthesis (25). It is worthwhile to mention also that 

infusion of Intralipid, a triglyceride-rich fat lipid emulsion, surprisingly increased the 

interleukin-6 and-8 production in response to LPS (26). 

The results of the present study show that the kinetics of LPS neutralization by 

lipoproteins is slow as compared to the kinetics of LPS-binding and stimulation of 

PBMC, with at least 4 to 8h preincubation needed for a 50% reduction in TNFa 

synthesis. These results may explain the data published in the literature, in which 

preincubation times ranging from 3h-6h ( 2 ) to 24h (2 ) were used in neutralization 

experiments. One study investigating the kinetics of LPS neutralization by HDL and 

LDL has shown that 4h of preincubation is needed for a significant reduction of LPS-

stimulated interleukin-1 production (23). The slow neutralization of LPS by lipoproteins 

may be a reflection of the two-phase mechanism in the formation of LPS-lipoprotein 

complexes, in which a first step requiring the disaggregation of LPS micellae is needed 

before efficient neutralization of LPS can take place (22). The second step involving 

binding and neutralization of LPS by lipoproteins probably occurs without covalent 

modification of endotoxin, because the detoxified LPS can be re-extracted with organic 

solvents and is still fully active (29). 
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Figure 3. a) Binding of FITC-LPS to PBMC. Incubation of PBMC with FITC-LPS was 
performed for the indicated periods of time. The binding at each time point was 
expressed as percentage of final binding, b) Kinetics of LPS stimulation of cells was 
studied by adding LPS to cells for various periods of time as shown in the figure. The 
production after the indicated incubation interval was expressed as percentage of 
production after a 24h-interval stimulation 
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The kinetics of LPS neutralization by lipoproteins is much slower than of LPS binding 

to circulating cells, in which approximately 70% of FITC-LPS was bound to PBMC 

after 30 min of incubation, while 90% of LPS was bound after lh. Moreover, the time 

required for LPS to induce TNFa production by PBMC was also short, with 55% 

production after 30 min. incubation and 84% production after 2h (Fig.3). These data 

are in line with a recent report showing rapid binding of LPS to cells and activation of 

TNFa synthesis i30). The comparison of the kinetics of the LPS binding to cells or 

lipoproteins shows that, upon entering the circulation, LPS binds to cells more rapidly 

than to lipoproteins, activating cytokine production before neutralization by lipoproteins 

can occur. There is a significant clinical relevance of this phenomenon, considering that 

the lipoprotein-to-LPS molar ratios used in the present study are comparable to those 

observed in patients with severe Gram-negative sepsis. 

Despite the relatively slow kinetics of LPS-neutralization by lipoproteins, many studies 

have shown beneficial effects of hyperlipoproteinemia in endotoxemia ( ' ' ) and 

Gram-negative infections (9'12). To explain this phenomenon, we investigated whether 

an increase in lipoprotein-to-LPS ratio as seen in models of hyperlipoproteinemia 

further enhanced the kinetics of LPS-binding. As shown in Fig.4, when LPS was 

incubated with increased concentrations of lipoproteins, the LPS-stimulated TNFa 

synthesis was not only decreased to a greater extent when long preincubation times were 

applied, but also the kinetics of LPS-binding and neutralization was more rapid. This 

may explain the beneficial effects of hyperlipoproteinemia in lethal endotoxemia and 

provides a strong rationale for the use of lipoproteins as adjuctive therapy in Gram-

negative sepsis. Indeed, a recent study has demonstrated the antiinflammatory effects of 

reconstituted HDL infusion in human endotoxemia ( ), and a clinical trial with 

reconstituted HDL infusion in meningococcal septicemia has been initiated. 
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MATERIALS AND METHODS 

Materials. LPS (E.Coli 055:B5) and FITC-labelled LPS were obtained from Sigma, 

St.Louis, MO. LPS-free lipoprotein fractions (VLDL, LDL, HDL) and lipoprotein-

deficient plasma (LPDP) were isolated from fresh human EDTA-plasma by sequential 

ultracentrifugation, as described before (31). Lipoproteins were dialyzed for 24 h against 

0.05 mM phosphate buffer, pH=7.4 containing 5 μΜ EDTA/L, with one exchange of 

the buffer. Because it has been shown that oxidized lipoproteins can stimulate cytokine 

production, we measured the TBARS levels in the isolated sub fractions, and they were 

not increased (data not shown). 

LPS-stimulation of PBMC. Separation and stimulation of PBMC was performed as 

described elsewhere (3 ), with minor modifications. Briefly, three 10 ml EDTA tubes 

(Monoject, s-Hertogenbosch, The Netherlands) were filled with venous blood drawn 

from healthy volunteers between 8 and 9 a.m.. The PBMC fraction was obtained by 

density centrifugation of diluted blood (1 part blood to 1 part pyrogen-free saline) over 

Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC were washed twice in 

saline and suspended in culture medium (RPMI1640 Dutch modification, ICN 

Biomedicals Inc., Costa Mesa) supplemented with human serum 5%, gentamycin 1%, 

L-glutamine 1 % and pyruvate 1 %. The cells were counted on a Coulter counter 

(Coulter Electronics, Mijdrecht, The Netherlands) and the number was adjusted to 

5xl06 cells/ml. 5xl05 cells/well were incubated in 96-wells plates (Greiner B.V., 

Alphen a/d Rijn, The Netherlands) with or without LPS and/or lipoprotein subfractions 

for 24 h at 37°C. Unless otherwise indicated, the lipoprotein concentrations used were 

10% of those present in circulation and the final LPS concentration used was 1 ng/ml 

(23), which represents the same lipoprotein-to-LPS ratio as that found in patients with 

severe Gram-negative sepsis in which LPS concentrations reaches 10-100 ng/ml (33). 

Samples were stored at -70°C until assay. 
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In a first set of experiments the lipoproteins were preincubated with various LPS 

concentrations (0.01 -10 ng/ml) for 24h, before the mixture was added to PBMC for 

24h of stimulation. The effect of LPS-neutralization by lipoproteins was compared to 

the effect of LPDP. Additionally, the effect of various LDL and HDL concentrations on 

LPS (1 ng/ml)-induced cytokine production was investigated. The kinetics of 

lipoprotein-LPS binding and neutralization was investigated by preincubation of lipopro

teins with LPS for various time intervals (no preincubation, 10 min., 30 min., Ih, 2h, 

4h, 8h, and 24h), before the mixtures were added to PBMC for stimulation. Data are 

given as percentage of the cytokine production after stimulation with LPS + LPDP at 

the corresponding time point. 

Kinetics of LPS stimulation of cells were studied by adding the LPS to cells for various 

periods of time (10 min., 30 min., Ih, 2h, 4h, 8h, 24h). After the indicated intervals, 

the supernatant was collected, the cells were vigourously washed two times, and LPS-

free medium was added for the remainder of the total stimulation time. The cytokine 

concentration was measured in the two resulting supernatants and the total production 

calculated. This value was expressed as percentage of production of a paired sample in 

which after the initial washing, a continuous stimulation was insured by addition of LPS 

(1 ng/ml) for the remainder of the stimulation time. 

TNFa measurements. TNFa concentrations were determined by radioimmunoassay as 

described i34). In order to correct for spontaneous cytokine release, the net production 

was calculated by subtracting the concentration without stimulus from the concentration 

induced by LPS. The data are given as percentage of the production stimulated by LPS 

in the presence of LPDP. 

Kinetics of FITC-LPS binding to cells. PBMC were collected as described above, and 

adjusted to 4xl05 cells/tube. Incubation with FITC-LPS was performed for 5 min, 15 

min., 30 min., Ih, and 4h at 4°C in 50 μΐ PBS, containing 0.5% BSA and 0.1 % NaN3. 

After washing the cells twice with cold PBS, contaminating erythrocytes were lysed 
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with FACS lysing solution (Becton & Dickinson, NJ), according to the instructions of 

the manufacturer. Subsequently, cells were fixed in 1 % paraformaldehyde and the 

binding of FITC-LPS to the cells was measured in a Coulter flow cytometer (Coulter, 

Palo Alto, CA). The binding at each time point was expressed as percentage of final 

binding. 

Statistical analysis. Comparison between the groups were performed using the Kruskall-

Wallis test. The differences were considered significant at ρ < 0.05. All the experiments 

were performed at least twice. 
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Summary 

Lipoproteins are able to bind the lipopolysaccharide (LPS) component of Gram-

negative bacteria, leading to formation of lipoprotein-LPS complexes and inhibition of 

endotoxin-stimulated cytokines. The differential capacity of the low-density lipoprotein 

(LDL) and high-density lipoprotein (HDL) subtractions to bind and neutralize LPS has 

been studied in 11 healthy volunteers. The dense LDL2 and LDL3 subtractions were 

20% to 25% more potent for the inhibition of endotoxin-induced production of tumor 

necrosis factor (TNF) than the buoyant LDL1 subfraction (pO.01). This may have 

important consequences for the LPS-responsiveness of patients with different LDL 

subfraction phenotypes, and for the formation of atherogenic LDL-LPS complexes in 

vivo. No differences in the capacity to neutralize LPS has been detected between the 

various HDL subfractions. 
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Introduction 

Proinflammatory cytokines have been implicated in the pathophysiology of infections, 

autoimmune diseases, neoplasms and atherosclerosis 1,2. One of the most potent stimuli 

for cytokine production is endotoxin or the lipopolysaccharide (LPS) component of 

Gram-negative bacteria, molecule involved in the pathology caused by these 

microorganisms 3. Once LPS enters into the circulation, it interacts with LPS-binding 

protein (LBP) and lipoproteins. Interaction of LPS with LBP can lead either to transfer 

of endotoxin to the CD 14 receptor on the cell membrane and stimulation of cytokine 

production 4, or to transfer of LPS to lipoprotein particles and formation of lipoprotein-

LPS complexes 5. Binding of LPS to lipoproteins inhibits acute cytokine production 6, 

and this has proven beneficial in various models of endotoxemia 7,8 0r experimental 

Gram-negative infections 9,10. for this reason, infusion of reconstituted lipoproteins 

has been proposed as an adjunctive therapy for Gram-negative sepsis. 

However, in addition to these beneficial effects of LPS neutralization, the low-density 

lipoprotein (LDL)-LPS complexes are also potentially atherogenic 11. After ingestion 

by macrophages, these LPS-LDL complexes are not degraded 12, and they may be 

transported in the subendothelial space of the arterial wall, where they induce 

production of chemotactic factors 13. This leads to the attraction of monocytes, initia

ting a sustained inflammatory response typical for atherogenesis. 

Thus, the formation of lipoprotein-LPS complexes is important in both the course of 

Gram-negative infections and the pathogenesis of atherosclerosis. Preincubation of LPS 

with LDL 12, high-density lipoproteins (HDL) 6 or very-low-density lipoproteins 

(VLDL) 14, reduces the LPS-induced cytokine production. Of these lipoprotein 

subfractions, LDL is considered to be the most potent for LPS binding 15. However, 

LDL consist of several subfractions 16; large LDL contain relatively more lipids per 
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molecule of apoB than small, dense LDL 17. Similarly, HDL consist of subclasses 

differentiated on the basis of their density and protein content 18. Whether these sub

classes differ in terms of LPS-binding is not known, although differences may be 

expected due to the fact that the lipid-protein ratio play an important role for LPS 

binding by lipoproteins 19. This may be of clinical relevance, since a higher proportion 

of small, dense LDL is considered to be a risk factor for atherosclerosis 16. 

Materials and Methods 

Materials. LPS (E.Coli 055 :B5) was obtained from Sigma (St.Louis, MO). LPS-free 

LDL (LDL1, LDL2, LDL3) and HDL (HDL2, HDL3) subfractions and lipoprotein-

deficient plasma (LPDP) were isolated from fresh plasma (collected on EDTA) by 

density gradient ultracentrifugation, as described before 17,18. Lipoproteins were 

dialyzed for 24 h against 0.05 mM phosphate buffer, pH=7.4 containing 5 mM 

EDTA/L, with one exchange of the buffer. The LPS content of the various lipoprotein 

subfractions was undetectable by Limullus assay. 

LPS-stimulation of PBMC. Separation and stimulation of PBMC was performed as 

described elsewhere 20, with minor modifications. Briefly, three 10 ml EDTA tubes 

(Monoject, s-Hertogenbosch, The Netherlands) were filled with venous blood drawn 

from each of 11 healthy volunteers between 8 and 9 a.m.. The PBMC fraction was 

obtained by density centrifugation of diluted blood (1 part blood to 1 part pyrogen-free 

saline) over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC were 

washed twice in saline and suspended in culture medium (RPMI1640 Dutch modifi

cation, ICN Biomedicals Inc., Costa Mesa) supplemented with human serum 5%, 

gentamicin 1%, L-glutamine 1% and pyruvate 1%. The cells were counted in a Coulter 

counter (Coulter Electronics, Mijdrecht, The Netherlands) and the number was adjusted 
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to 5xl06 cells/ml. 5xl05 cells/well were incubated in 96-wells plates (Greiner B.V., 

Alphen a/d Rijn, The Netherlands) with or without LPS, for 24 h at 37°C. LPS was 

preincubated with either LPDP (as control) or with the various lipoprotein subtractions 

for 24h at 37°C, prior to be added to the cells. Unless otherwise indicated, the 

lipoprotein concentrations (determined by their cholesterol content) used were 10% of 

those present in the circulation, and the final LPS concentration used was 1 ng/ml 1^ 

which represents the same lipoprotein-to-LPS ratio as that found in patients with severe 

Gram-negative sepsis in which plasma LPS concentrations reaches 10-100 ng/ml 21. 

After the end of the incubation time, the supematants were collected and stored at -70°C 

until assay. 

The kinetics of lipoprotein-LPS binding and neutralization were also investigated by 

preincubation of lipoproteins with LPS for various time intervals (no preincubation, 30 

min, Ih, 2h, 4h, 8h, and 24h), before the mixtures were added to PBMC for stimulation. 

Data are given as percentage of the cytokine production after stimulation with LPS in 

LPDP at the corresponding time point. 

TNFa measurements. TNFct concentrations were determined by radioimmunoassay as 

described 22. τ η order to correct for spontaneous cytokine release, the net production 

was calculated by subtracting the concentration after incubation without stimulus from 

the concentration induced by LPS. 

Statistical analysis. Comparisons between the groups were performed using the non-

parametric Wilcoxon test. The differences were considered significant at p<0.05. 

Results 

LDL subfraction pattern. After density gradient ultracentrifugation, three LDL 

subfractions were isolated, separated by a clear interface: light LDL1 (density 1.030 -

1.033 g/ml), intermediate LDL2 (1.033 -1.040 g/ml) and heavy LDL3 (1.040 -1.045 
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Figure 1. a. LPS (1 ng/ml) was preincubated with lipoprotein deficient plasma (LPDP) 
or the various LDL subfractions for 24h, before being added to the cells for an 
additional 24h. LDL2 and LDL3 were more potent in the neutralization of LPS than 
LDL1. b. The kinetics of LPS neutralization were studied by preincubation of LPS with 
LPDP or LDL subfractions for various time intervals. LDL2 and LDL3 inhibited LPS 
earlier than LDL1. *p<0.01 between LDL1 and the other LDL subfractions 
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Figure 2. a. LPS (1 ng/ml) was preincubated with LPDP or the HDL subfractions for 

24h, before being added to the cells for an additional 24h. No difference in the LPS-

neutralization capacity of HDL2 and HDL3 was observed, b. The kinetics of LPS 
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neutralization was studied by preincubation of LPS the HDL subtractions for various 

time intervals. The kinetics of LPS neutralization was identical for HDL2 and HDL3. 
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g/ml). The cholesterol-to-protein ratio's of the various isolates decreased from LDL1 

(1.52 ± 0.14), to LDL2 (1.39 ± 0.07) and LDL3 (1.03 ± 0.06). 

The effect of LDL subfractions on LPS-induced TNFoc. The effect of LPS preincubation 

with LDL1, LDL2 or LDL3 on the release of TNF from PBMC is shown in Fig.l. As 

expected, upon preincubation with LPS, all LDL subfractions significantly inhibited the 

endotoxin-induced TNF. However, there was a significant difference in the capacity of 

the various subfractions to bind and neutralize LPS, with the smaller and denser LDL3 

being more potent than the intermediate LDL2, which in turn is more potent than the 

light LDL1 subfraction (Fig.la). LDL2 and LDL3 were 20 to 25% more potent than 

LDL1 (Fig.la). The rate of neutralization by the heavier LDL subfractions was greater 

than that of the light LDL1 sub fraction (Fig. lb). 

The effect of HDL subfractions on LPS-induced TNFct. Both HDL subfractions isolated 

(HDL2 and HDL3) significantly inhibited the endotoxin-induced TNF synthesis (Fig.2). 

No significant difference in the capacity of the two subfractions to bind and neutralize 

LPS was observed, in either absolute neutralization capacity (Fig.2a), or rate of 

neutralization (Fig.2b). 

Discussion 

The present study demonstrates that the LDL subfractions differ in their capacity to bind 

and neutralize the LPS component from Gram-negative bacteria. It is shown that the 

small, dense LDL3 subfraction is more potent in binding LPS than the buoyant LDL1 

subfraction, which results in stronger inhibition of endotoxin-induced TNF by PBMC. 

The LDL2 subfraction, which is between LDL1 and 3 in terms of structure and chemical 

composition, has an intermediate capacity for LPS neutralization. In contrast, no 



184 Chapter 10 

differences have been observed in the capacity of the HDL subfractions to bind and 

neutralize LPS. 

The LDL subfractions differ in both their structure and chemical composition. The 

smaller and heavier LDL2 and LDL3 subfractions contain less cholesterol esters, free 

cholesterol and phospholipids, and more proteins than the larger and lighter LDL1 l? ц 

is still unclear which lipoprotein component is responsible for LPS neutralization. It has 

been suggested that lipoproteins bind the lipid A component of LPS through lipid-lipid 

interactions, and therefore the lipid part of the lipoprotein particle is responsible for 

binding to LPS 23. For this reason, we adjusted the various LDL subfractions used in 

our exeriments to contain identical cholesterol concentrations, and in these conditions, 

the heavier LDL subfractions were more potent than buoyant LDL for LPS binding and 

neutralization. This observation suggests that apoB, which is present in higher number 

in the dense LDL subfractions, may also contribute to lipoprotein-LPS interactions, as it 

has been also suggested by an earlier study 24. in addition, as LDL size decreases, the 

ratio of surface phospholipid to cholesterol increases 25 j and this might also have 

contributed to the differences observed 23. 

This difference in LPS-neutralizing capacity of the various LDL subfractions may have 

epidemiological consequences, because two phenotypes of the LDL subfraction pattern 

have been described in humans: phenotype A which is characterized by a predominance 

of buoyant LDL particles, and phenotype В with a predominance of small LDL particles 

26. in studies to date, 85-90% of the individuals have either phenotype A or B, while 

only 10-15% have an intermediate phenotype 16. From the data presented in this study, 

it would be interesting to assess whether individuals with LDL phenotype В have a 

decreased LPS-responsiveness. Although the differences in LPS-neutralization between 

LDL1 and LDL3 are only 20-30%, the differences were highly constant between the 

different LDL preparations used in this study, and this may have important 

consequences at an epidemiological level. 
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The increased potency of dense LDL subfractions to inhibit endotoxin-induced TNF 

implies that LDL2 and LDL3 bind better to LPS. Consequently, LPS-LDL complexes 

are easier formed in individuals with а В phenotype. If ultimately not taken up by an 

LDL-receptor, these complexes are ingested by monocytes and transported in the 

subendothelial space of the arterial wall ^, where they can trigger inflammatory 

processes leading to atherogenesis 11. At a sustained exposure with LPS, such as a 

chronic arterial infection with Chlamydia pneumoniae, which has been associated with 

an increased risk for atherosclerosis 27, a continuous inflammatory response induced by 

LPS-LDL complexes may trigger formation of atherosclerotic lesions. Because the 

small, dense LDL are considered a risk factor for early development of atherosclerosis, 

it is tempting to speculate that the better complexation of LPS by small LDL 

subfractions may play a role in this phenomenon. 

In contrast with LDL, no differences have been observed between the two HDL 

subclasses for the binding and neutralization of LPS (Fig.2). HDL are also able to bind 

and neutralize LPS in vitro 6, and protect against lethal endotoxemia in vivo 8. HDL is a 

well-established negative risk factor for atherosclerosis, and the differences in HDL 

concentrations between individuals are due mainly to variation in the HDL2 subfraction 

28. Differences in the total amounts of HDL (both HDL2 and HDL3) in the circulation 

may determine the amount of LPS not available for formation of LPS-LDL complexes, 

and thereby increased HDL concentrations can lead to protection against 

atherosclerosis. 
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Abstract 

Lipoproteins can bind lipopolysaccharide (LPS) and decrease the LPS-stimulated 

cytokine production. Lipoprotein (a) (Lp(a)) was as potent as low-density lipoproteins 

(LDL) in inhibiting the LPS-stimulated tumor necrosis factor (TNF) synthesis by 

human mononuclear cells. The kinetics of LPS inhibition by Lp(a) was similar to that 

of LDL. This suggests that circulating Lp(a) may be an important factor determining 

the amplitude of the response to LPS in humans. 



Lp(a) neutralizes LPS 191 

The systemic toxicity of Gram-negative sepsis is largely due to endotoxin, a 

lipopolysaccharide (LPS) component of the outer membrane of Gram-negative 

bacteria. LPS stimulates the production of proinflammatory cytokines such as tumor 

necrosis factor-alpha (TNF) and interleukin-1 (IL-1), which in turn may induce 

disseminated intravascular coagulation, hypotension, and renal, hepatic and cerebral 

damage (16). Once LPS enters the circulation, initial interactions of LPS with LPS-

binding protein and lipoproteins are essential for stimulation of cytokine production. 

While LBP mediates binding of LPS to CD 14, the main LPS receptor, leading to 

stimulation of cytokine synthesis (24), hydrophobic interaction between the lipid A 

component of LPS and lipoproteins neutralizes LPS and inhibits LPS-induced 

cytokine release (14). Preincubation of LPS with low-density lipoproteins (LDL) (13), 

high-density lipoproteins (HDL) (8) or very-low-density lipoproteins (VLDL) (10) 

reduces LPS-induced cytokine production in vitro, whereas hyperlipoproteinemia 

protects animals against lethal endotoxemia (11,15) and Gram-negative sepsis (18,22) 

in vivo. In humans, reconstituted HDL (rHDL) inhibits LPS-induced cytokine release 

in whole blood (21), and infusion of rHDL has potent antiinflammatory effects during 

human endotoxemia (20). These data are strong arguments for the important role 

played by lipoproteins in the neutralization of LPS during endotoxemia and Gram-

negative infections. 

All the studies to date have focussed on the interaction of LPS with the major lipopro

tein subfractions LDL, HDL and VLDL, while no studies investigated the LPS-

neutralizing properties of the relatively recently described lipoprotein (a) (Lp(a)). 

Lp(a) is a lipoprotein particle having apolipoprotein B-100 (apo B-100) as a protein 

moiety, linked by disulfide bridges to one or two molecules of apo(a) (23). It is now 

accepted that Lp(a) is an important and independent risk factor for the development of 

atherosclerosis (for review 23). Plasma Lp(a) levels are genetically determined and 

vary widely, differences as high as 100-fold being found among individuals, ranging 

from 20 to 2000 mg/L (23). If Lp(a) as an LDL-like particle would have LPS-

neutralizing properties, the large variation in Lp(a) plasma concentrations among 
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individuals could play an important role in the amplitude of the response to LPS. 

Moreover, since Lp(a) reacts as an acute phase reactant (12,17,19), this could have an 

additional impact on the capacity of an individual to neutralize LPS. The aim of the 

present study was to investigate whether Lp(a) is able to inhibit LPS-induced cytokine 

production, and to compare the LPS-neutralizing capacity of Lp(a) with that of LDL, 

on the basis of their cholesterol content. 

LPS (E.coli 055:B5) was obtained from Sigma (St.Louis, MO). LPS-free LDL, 

Lp(a), and lipoprotein-deficient plasma (LPDP) were isolated by single spin density 

gradient centrifugation from human fresh EDTA-plasma, as previously described (3), 

with minor modifications to obtain Lp(a). For the density gradient ultracentrifugation, 

0.77 g KBr was dissolved in 2 ml of plasma from donors with high Lp(a) 

concentrations (> 1000 mg/L), and overlayed by solutions with subsequent densities 

of 1.10 g/ml (2 ml), 1.065 g/ml (3 ml), 1.040 g/ml (3 ml), and 1.006 g/ml (2 ml). 

After ultracentrifugation for 22h at 40000 rpm, Lp(a) was isolated on the basis of the 

banding pattern. Lp(a) was clearly visible between the LDL and HDL fraction. Two 

distinct bands were separatly aspirated from this density region, and were analysed 

with agarose gel electrophoresis (Paragon, Beekman, Brea). Because the lightest 

fraction was contaminated with LDL, only the heavier fraction was used. This 

fraction showed pure pre-beta mobility typical for Lp(a), slightly contaminated with 

small amounts of HDL and LDL. The purity of the Lp(a) fractions was 90 to 98 % in 

all assays. After isolation, the LDL and Lp(a) fractions were dialyzed against 0.05 M 

phosphate buffer, pH 7.4, for at least 16h before being used in the experiments. 

Separation and stimulation of PBMC was performed as described elsewhere (6). The 

cells were counted on a Coulter counter (Coulter Electronics, Mijdrecht, The 

Netherlands) and the number was adjusted to 5xl06 cells/ml. 5xl05 cells/well were 

incubated in 96-wells plates (Greiner B.V., Alphen a/d Rijn, The Netherlands), with 

or without LPS for 24h at 37°C. Unless otherwise indicated, the lipoprotein 

concentrations used were 10% of the normal LDL concentration present in the 
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circulation, expressed as total (ftee+esterified) cholesterol, and the final LPS 

concentration used for stimulation was 1 ng/ml, representing the same lipoprotein-

:LPS ratio as in patients with severe Gram-negative sepsis, in which LPS levels reach 

10-100 ng/ml (2). After collection, the samples were stored at -70°C until assay. 

To assess the capacity of Lp(a) and LDL to inhibit LPS-induced cytokine production, 

the lipoproteins were preincubated with various LPS concentrations (1-5-10 ng/ml) 

before the mixture was added to PBMC and cells were stimulated for 24h. Secondly, 

the effect of various Lp(a) and LDL concentrations on LPS (1 ng/ml)-induced TNF 

production was investigated. The kinetics of LPS-binding and neutralization by Lp(a) 

and LDL was assessed by preincubation of lipoproteins with LPS for various intervals 

of time (1, 2, 4, 8 and 24h), before the mixtures were added to PBMC for 

stimulation. Data are given as percentage of the production stimulated by the mixture 

LPS + LPDP, after the corresponding preincubation interval. TNF concentrations 

were determined by radioimmunoassay (4). Comparison between the groups was 

performed using the Mann-Whitney U test. 

Incubation of PBMC with the various lipoprotein preparations in the absence of LPS 

did not induce TNF synthesis (not shown), indicating the absence of LPS 

contamination. When LPS in various concentrations (1-5-10 ng/ml) was preincubated 

with Lp(a) or LDL for 24h before being added to the cells, a significant reduction of 

control TNF production (24h preincubation of LPS with LPDP) was apparent, which 

was inversely correlated with the LPS concentration (Fig.la). A dose-response curve 

for the neutralization effect was obtained when LPS (1 ng/ml) was preincubated with 

various dilutions of Lp(a) and LDL in LPDP (Fig. lb). Lp(a) and LDL had a similar 

capacity to neutralize LPS (Fig. la and b). The kinetics of LPS-neutralization by Lp(a) 

and LDL is shown in Fig.2. The lipoproteins needed more than 8h to neutralize half 

of the TNF induced by LPS, while the neutralization was more than 70% of control 

production when LPS was preincubated with Lp(a) or LDL for 24h. No differences in 

the kinetics of LPS neutralization by Lp(a) and LDL could be observed (Fig.2). 
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Figure 1. Lp(a) inhibits LPS-induced TNF production by human PBMC. LPS in 
various concentrations was preincubated with Lp(a) or LDL for 24h before being 
added to the cells (Fig. la). Lp(a) and LDL determined a significant inhibition of LPS-
induced TNF production (data are given as percent of control production in the 
presence of lipoprotein-deficient plasma (LPDP)) (Fig. la). A dose-response curve for 
the neutralization effect was obtained when LPS (1 ng/ml) was preincubated with 
various dilutions of Lp(a) and LDL in LPDP (Fig. lb). 
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Figure 2. The kinetics of LPS-neutralization by Lp(a) and LDL. The kinetics of 
neutralization was investigated by preincubation of LPS with lipoproteins for various 
time intervals. The lipoproteins needed more than 8h to neutralize half of the TNF 
production induced by LPS, while the neutralization was more than 70% when LPS 
was preincubated with Lp(a) or LDL for 24h. No differences in the kinetics of LPS 
neutralization by Lp(a) and LDL could be observed. 
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To our knowledge, this is the first study to show that Lp(a) is able to neutralize the 

biological effects of LPS, by reducing the endotoxin-stimulated TNF production by 

human PBMC. The capacity of Lp(a) to neutralize LPS is similar to that of LDL. The 

relatively slow kinetics of LPS-neutralization by Lp(a), requiring at least 8h for 50% 

neutralization, is similar to that reported for LDL and HDL at these high LPS levels 

(8). LPS binds to CD14 on the cells much faster under these conditions (9), and this 

may explain why endogenous lipoproteins are not able to protect against LPS-toxicity 

in Gram-negative sepsis. However, when the lipoprotem-to-LPS ratio increases, such 

as in hyperlipoproteinemia, the kinetics of neutralization is much faster (Netea et al, 

submitted) and the host is protected against endotoxemia (18,22). Similarly, 

endogenous lipoproteins are protective against lower concentrations of LPS, as 

demonstrated by Feingold and colleagues, who have shown increased susceptibility to 

LPS in hypolipoproteinemic mice (7). 

The importance of LPS neutralization by Lp(a) is strengthened by the fact that plasma 

Lp(a) levels vary greatly among individuals, differences as great as 100-fold being not 

uncommon (23). The lipid content of Lp(a) can reach half of the lipid content of 

circulating LDL, and therefore, circulating Lp(a) concentration may represent an 

important factor for the amount of LPS neutralized by endogenous lipoproteins. 

The capacity of Lp(a) to neutralize LPS is not surprising, since Lp(a) is an LDL-like 

molecule in which only the apolipoprotein components differ, with apo(a) being pre

sent in Lp(a), but not in LDL. The data published in the literature are controversial 

regarding whether the apolipoproteins or the lipid components are the most important 

for LPS neutralization. While some studies have suggested that apo-AI and apo-B are 

able to inactivate endotoxin by themselves (1,5), others insisted on the importance of 

lipid components (10,13). The similar capacity of Lp(a) and LDL to neutralize LPS, 

and the virtually identical kinetics of LPS neutralization by both lipoprotein 

subfractions, strongly suggest that apo(a) does not play an important role in the Lp(a)-

LPS interaction. 
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An additional argument for the importance of LPS neutralization by Lp(a) is 

represented by the studies reporting that Lp(a) reacts as an acute phase reactant 

(12,17,19). This cytokine-mediated response of the organism suggests that feed-back 

modulation of Lp(a) concentration may have a role in host defense. The acute hyperli-

pidemic response as a component of the host defense during endotoxemia and infec

tions is well-documented (14). 
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Abstract 

Immune mechanisms, including production of proinflammatory cytokines such as 

interleukin-1 (IL-1) and tumor necrosis factor (TNF), play an important role in early 

atherogenesis. The study of the mechanisms responsible for the increased cytokine 

production capacity of hypercholesterolemic hosts it is therefore crucial for finding new 

strategies aimed to stop the development of atherosclerosis. We assessed the LPS-induced 

cytokine production of macrophages from LDL-receptor knock-out (LDLR-/-) mice, 

which have a 7 to 9-fold higher plasma LDL concentration. Macrophages of LDLR-/-

mice produced approximately 2-fold more IL-la and IL-Iß in response to LPS when 

compared with macrophages of control mice (LDLR+/+). TNFa synthesis was only 

slightly increased. Removal of CD 14 by phospholipase С treatment of cells decreased 

cytokine production by 50% (IL-1) to 80% (TNF), but the differences between LDLR-/-

and LDLR+/+ remained the same. In contrast, treatment of cells with anti-CD 1 lc 

monoclonal antibody inhibited the IL-la and IL-Iß production in LDLR-/- mice towards 

normal values, while no effect could be seen on TNF. In conclusion, LDLR-/-

macrophages stimulated with LPS synthesize more IL-la and IL-Iß than controls and this 

phenomenon is mediated by the CD11 c/CDl 8 receptor. 
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Introduction 

It has been proposed for several decades that infectious episodes, including infections with 

Gram-negative bacteria, may be involved in the pathogenesis of atherosclerosis (for 

review ref. ). The lipopolysaccharide (LPS) component of Gram-negative bacteria cell 

wall has numerous biological activities, being responsible for many pathological 

conditions in which these microorganisms are involved. Apart of the crucial role of LPS in 

severe infections with Gram-negative bacteria ( ), recent studies suggested that LPS-

induced immune mechanisms may be also important in triggering the process of 

atherosclerosis ( l l3'4). An important mechanisms through which LPS may initiate the 

development of atherosclerosis is the endothelial damage, which appears to be more 

severe and persistent if LPS is administered to hypercholesterolemic animals ( ). 

Proinflammatory cytokines such as tumor necrosis factor-α (TNFa), interleukin-la (IL-

la) and IL-Iß are widely considered to be the main mediators of LPS toxicity ( ). Apart 

from their role in LPS-mediated endothelial damage, the proinflammatory cytokines are 

also able to increase the expression of adhesion molecules (6' ), to enhance the uptake of 
g 

oxidized LDL through increased expression of macrophage scavenger receptors ( ) and to 

regulate the plaque stability (9), all potentially important mechanisms in the process of 

atherosclerosis. These data argue that proinflammatory cytokines are important mediators 

in the pathogenesis of atherosclerosis. 

Few reports in the literature investigated the cytokine production capacity of cells from 

hypercholesterolemic hosts. Leirisalo-Repo and colleagues have shown that monocytes of 

patients with familial hypercholesterolemia (FH) produced more TNFa in response to 

LPS (l0), while we have recently reported that macrophages of mice deficient for the LDL 

receptors and with a consequent 5-fold increase in circulating cholesterol concentrations, 

had a higher cytokine production capacity in response to LPS when compared to control 

mice (' '). These studies argue that LPS-induced cytokine production capacity is increased 

in cells of hypercholesterolemic hosts and this could play a role in the development of 

atherosclerosis. Despite the fact that knowledge of the mechanisms responsible for this 
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phenomenon would be crucial in understanding the early development of atherosclerosis, 

no data are available in the literature. 

Recent studies have shown that hypocholesterolemia down-regulates the cell surface 

expression of CD14-the main LPS receptor, whereas addition of exogenous lipoproteins 

restores the normal CD14 expression ( ). In addition, cholesterol controls the clustering 

of other glycophospholipid-anchored receptors (' ). These reports suggest a possible 

involvement of receptor-mediated mechanisms in the increased LPS-induced cytokine 

synthesis during hypercholesterolemia. Apart of CD14, other LPS receptors include 

macrophage scavenger receptors, and the B2-integrins LFA-1 (CD1 la/18), Mac-1 

(CD1 lb/18) and pl90,95 (CD1 lc/18) (u). CD14 is thought to be the main LPS-receptor, 

especially when cells are stimulated with low amounts of LPS. The LPS-CD14 interaction 

requires the presence of LPS-binding protein (LBP), an acute phase protein present in 

plasma (15). On the other hand, at the tissue levels high levels of LPS may be available in 

the close vicinity of macrophages, CD14-independent mechanisms are also important in 

the stimulation of cytokine production by LPS. Recently, it has been shown that 

CD1 lc/CD18 is the second LPS receptor able to initiate an intracellular signal in response 

to LPS binding. This stimulation is serum-independent and requires larger amounts of 

LPS when compared with CD14-mediated cytokine synthesis ( ). Other members of the 

D2-integrin family of adhesion molecules such as CD1 la/CD18 and CD1 lb/CDl 8 are also 

able to bind LPS (' ). Their stimulation with agonistic monoclonal antibodies is able to 

induce expression of cell-associated IL-1 (' ), but in their case, as in the case of the 

macrophage scavenger receptors, an intracellular signal after binding of LPS has not been 

demonstrated so far. 

The aim of the present study was to investigate the mechanisms responsible for the 

increased proinflammatory cytokine production capacity of macrophages from LDLR-/-

mice. We have studied the role of the CD14-receptor by removal from the cells with 

glycophosphatidylinositol-specific phospholipase C, before the LPS activation of LDLR-/-

and LDLR+/+ macrophages was performed. In addition, the role of the D2-integrins as 
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mediators of LPS-effects was investigated by blocking their various α-chains with 

monoclonal antibodies. The role played by macrophage scavenger receptors was studied 

using polyinosinic acid as a specific blocker. Because it is currently believed that the lipid 

component of LPS is the active part of the molecule, we investigated its importance in the 

higher LPS-induced cytokine synthesis in LDLR-/- mice by stimulating the cells with 

synthetic lipid A. 

Materials and Methods 

Materials. LPS (Escherichia coli serotype 055 :B5), diphosphoril lipid A, 

phophatidylinositol-specific phospholipase С and polyinosinic acid were obtained from 

Sigma Chemical Co. (St. Louis, MO). Monoclonal rat antibodies against murine CD 14 

(rmC5-3), CD1 la (M17/4), CDllb (Ml/70) and hamster antibodies against murine 

CD1 lc (HL3) were kindly provided by Dr. Jorg Homfeld (PharMingen GmbH, Hamburg, 

Germany). FITC-labelled rabbit-anti-rat IgG and goat-anti-hamster IgG were obtained 

from Jackson Labs. (New Brunswick, NJ). 

Animals. Homozygous C57B1/6J mice lacking low density lipoprotein receptors (LDLR-/-

) and wild-type littermates (LDLR+/+) were obtained from the Jackson Lab. (Bar 

Harbour, ME) as mating pairs, and were bred in our local facility. For the experiments, 6-8 

weeks old mice, weighing 20-25 g, were used. The animals were fed standard laboratory 

chow (Hope Farms, Woerden, The Netherlands) and housed under specific pathogen-free 

conditions. The experiments were approved by the ethical committee on animal 

experiments of the Catholic University Nijmegen. 

Ex-vivo cytokine production. Resident peritoneal macrophages were harvested by rinsing 

the peritoneal cavity aseptically with cold PBS containing 0.38% (w/v) sodium citrate. 

After centrifugation for 10 min, 500 g, at 4°C, cells were resuspended in RPMI1640 DM 
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(Flow Laboratories, Irvine, UK), containing 1 mM pyruvate, 2 mM L-glutamine and 100 

μg/ml gentamicin. 105 cells/well were cultured in 96-well microtiter plates (Costar 

Corporation, Cambridge, MA) in RPMI medium (final volume 200 μΐ), with or without 

LPS. Stimulation of cells was performed with a high LPS concentration (1 μg/ml) in the 

absence of serum or plasma, or with a low LPS concentration (1 ng/ml) in the presence of 

5% fresh mouse EDTA-plasma (as a source of LBP) in the culture medium. The supema-

tants were collected after 24 h of incubation at 37°C, and stored at -70°C until assay. To 

the remaining macrophages, 200 μΐ RPMI 1640 was added, and the cells were disrupted 

by three freeze-thaw cycles to determine the cell-associated cytokine contents. The 

samples were stored at -70°C until cytokine measurements. 

mRNA expression. The expression of cytokine mRNA by macrophages stimulated with 

LPS was assessed after 4h incubation at 37°C. The supernatant was discarded, 100 μΐ of 

RNAzol was added to the adherent cells and RNA was isolated according to the 

instructions of the manufacturer (Cinna/Biotex Laboratories). The following primers were 

used for the PCR reactions (from a 0.5 μg sample RNA): GAPDH, sense, 5 -

AACTCCCTCAAGATTGTCAGCA-3', and antisense, 5'-

TCCACCACCCTGTTGCTGTA-3'; TNFa, sense, 5'-TCTCATCAGTTCTATGGCCC-

3', and antisense, 5'-GGGAGTAGACAAGGTACAAC- 3'; IL-la, sense, 5'-

CAGTTCTGCCATTGACCATC-3', and antisense, 5'-TCTCACTGAAACTCAGCCGT-

3', IL-lß, sense, S'-TTGACGGACCCCAAAAGATG-S', and antisense, 5'-

AGAAGGTGCTCATGTCCTCA-3' (Eurogentec, Seraing, Belgium). After checking the 

reactions to be in the log phase, thirty PCR cycles were performed with sets at 92°C for 30 

sec, 55°C for 30 sec., and 72°C for 90 sec., using a Mastercycler 5330 (Eppendorf, 

Hamburg, Germany). PCR products were run on 2% agarose gels stained with ethidium 

bromide. The gels were scanned on a densitometer (GS-670, Bio-Rad, Veenendaal, The 

Netherlands) and analyzed using Molecular Analyst software (Bio-Rad). The relative 

amount of TNFa, IL-la and IL-lß mRNA in a sample was expressed as a ratio versus the 

amount of mRNA for the housekeeping gene GAPDH. 
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Removal or blockade of LPS receptors. To study the role of the CD14-receptor in the 

LPS-induced cytokine production by macrophages of LDLR-/- mice, enzymatic removal 

of CD14 with 0.5 U of phospholipase C/well (containing 105 cells) was performed for 1 h 

at 37°C, as described (' ). In additional wells, macrophage scavenger receptors were 

blocked with polyinosinic acid (50 μg/ml for 1 h at 37°C), as previously described (20). 

Stimulation of cytokine production by LPS was performed as described above. 

In separate experiments, the role of ß2-integrins for the LPS-induced cytokine production 

was studied. Anti-CD 1 la, -CD1 lb or -CD1 lc monoclonal antibodies were added to 105 

peritoneal cells at a final concentration of 10 μg/ml, followed by incubation at 37°C for 30 

min (19). Thereafter, LPS stimulation of the cells was done as described above. 

Lipid A stimulation. It has been suggested that most of the LPS-induced biologic 

responses are mediated by lipid A component of endotoxin ( ). To study the importance 

of the lipid A component for the cytokine production in LPS-stimulated cells of LDLR-/-

mice, 105 cells/well peritoneal cells from knock-out and wild-type animals were 

stimulated with lipid A at the concentrations mentioned in the text, for 24 h at 37°C. 

Secreted and cell-associated cytokines were determined as described above. 

Cytokine measurements. TNFrx, IL-la and IL-lß concentrations were determined using 

specific radioimmunoassays (RIAs), as described previously ("). Detection limits were 40 

pg/ml for TNFa and 20 pg/ml for IL-la and IL-lß. 

LPS-receptor expression on peritoneal cells. Peritoneal cells were collected as described 

above, and adjusted to 4xl05 cells/tube. Incubation with anti-CD14 (10 μg/ml), anti-

CD1 la, -CD1 lb, and -CD1 lc antibodies (3 μg/ml) was performed for 30 min at 4°C in 50 

μΐ PBS, 0.5% BSA, 0.1% NaN3. After washing the cells twice with cold PBS, FITC-

labelled rabbit-anti-rat (CD14, CD1 la, CD1 lb) or goat-anti-hamster (CD1 lc) antibody 

was added (titer 1:50,30 min at 4CC). After another wash, contaminating erythrocytes 

were Iysed with FACS lysing solution (Becton & Dickinson, NJ), according to the 
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manufacturer's instructions. Subsequently, cells were fixed in 1% paraformaldehyde and 

the expression of the various molecules on the cell membrane was measured in a Coulter 

flow cytometer. The LPS-receptors on the cell membranes of the LDLR-/- mice were 

expressed as percentage of the number obtained in LDLR+/+ controls (expressed as mean 

fluorescence intensity). 

Determination of plasma lipids. VLDL+IDL fraction was isolated from mouse plasma by 

ultracentrifugation at d=1.019 g/ml at 168000g for 18 h. HDL-cholesterol was determined 

after precipitation of apoB containing lipoproteins by PEG-method. LDL was calculated 

by substraction. Cholesterol and tryglycerides were determined by enzymatic methods on 

a Hitachi 747 analyser. 

Table 1. Lipid plasma concentrations (mmol/1) in LDLR-/- mice and wild-type LDLR+/+ 

controls. 

LDLR-/- LDLR+/+ 

total cholesterol 9.55 ± 1.11 2.25 ± 0.45 * 

triglycerides 1.25 ±0.33 0.65 ± 0.12 # 

LDL-chol. 4.92 ±0.53 0.35 ±0.11* 

HDL-chol. 3.76 ± 1.62 1.77 ± 0.43 # 

(VLDL-IDL)-chol. 0.87 ±0.18 0.13 ± 0.08 * 

(VLDL-IDL)-trig. 0.58 ± 0.24 0.17 ± 0.05 * 

*p<0.01,#P<0.05 
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Statistical analysis. Differences between groups were analyzed using the Mann-Whitney 

test. Differences were considered significant at a p<0.05. All the experiments involved 5 

animals/group and were performed at least twice. 

Results 

Lipid values. Plasma lipid concentrations were significantly higher in LDLR-/- mice 

compared to controls (Table 1). As shown, the largest difference between the 2 groups was 

in LDL-cholesterol concentration, but HDL-cholesterol, (VLDL+IDL)-cholesterol and 

triglycerides concentrations in (VLDL+IDL) subfraction and as total in plasma were also 

significantly higher in LDLR-/- mice (Table 1). 

Cytokine production by peritoneal macrophages. The viability of macrophages from 

LDLR+/+ and LDLR-/- mice after 24h incubation was similar and higher than 95% in 

both groups, as assessed by tripan blue exclusion. When incubated for 24 h at 37°C in the 

absence of LPS, macrophages from LDLR+/+ and LDLR-/- mice synthesized very low 

amounts of cytokines, with no differences between groups: TNF and IL-Iß production in 

both strains was below detection limit, whereas IL-lcc production was 0.05 ± 0.02 vs. 0.04 

± 0.01 ng/ml, pX).05. 

Cytokine production capacity by peritoneal macrophages of LDLR+/+ and LDLR-/- mice 

was investigated after stimulation with two concentrations of LPS: 1 μg/ml - relevant for 

macrophage stimulation in the tissues in the relative absence of plasma factors as LBP; 

and 1 ng/ml - relevant for stimulation of circulatory cells in the presence of LBP. When 

stimulated with 1 μξ/ml of LPS, peritoneal cells of LDLR-/- mice secreted significantly 

more IL-la and IL-Iß when compared with LDLR+/+ cells (Fig.l). TNFa production 

was only marginally increased (Fig.l). Cell-associated IL-la was also significantly higher 

in the macrophages of LDLR-/- mice when compared with controls (4.97 ± 0.74 vs. 2.88 + 
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0.70 ng/ml, p<0.001), whereas cell-associated DL-lß and TNFa were low and did not 

differ between the 2 groups (data not shown). 

0.9 

0.6 • 
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0.3 

0.0 ш 
IL-1a IL-1B TNFa 

Figure 1. Cytokine production capacity of macrophages from LDLR+/+ (open bars) and 

LDLR-/- (closed bars) after stimulation with 1 μg/ml LPS. *p<0.05 vs. controls 
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Figure 2. Cytokine mRNA expression of macrophages from LDLR+/+ (open bars) and 

LDLR-/- (closed bars) after stimulation with 1 mg/ml LPS for 4 h at 37°C. Cytokine 

mRNA was expressed as a ratio versus GAPDH mRNA. *p<0.05 vs. controls 

When stimulated with 1 ng/ml LPS in the presence of mouse plasma, macrophages from 

LDLR-/- and LDLR+/+ mice synthesized similar amounts of IL-la (0.18 ± 0.06 vs. 0.20 

± 0.03 ng/ml, p>0.05), IL-lß (0.09 ± 0.03 vs. 0.07 ± 0.02 ng/ml, p>0.05) and TNFa (0.71 
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±0.17 vs. 0.63 + 0.22 ng/ml, p>0.05). Because the differences in the cytokine production 

capacity between the LDLR-/- and LDLR+/+ mice were only seen when stimulation was 

done with an LPS concentration of 1 μβ/ΓηΙ, all further experiments were performed with 

this LPS concentration. 

Cytokine mRNA expression. To further investigate the increased production of cytokines, 

cytokine mRNA levels were assessed in peritoneal macrophages of LDLR-/- and 

LDLR+/+ mice stimulated with LPS (1 μg/ml) for 4 h at 37°C. Cytokine mRNA 

(expressed as a ratio versus GAPDH mRNA) levels were significantly higher in 

macrophages of LDLR-/- mice than in cells of control mice (Fig.2), indicating that 

stimulation of transcription and/or increased mRNA stability is involved in the enhanced 

cytokine production. 

Removal or blockage of LPS receptors. The importance of CD14-receptor for the 

increased cytokine production in LDLR-/- was studied by removal of CD 14 with 

phospholipase С treatment of macrophages ( j . Removal of CD 14 from the cell 

membranes strongly inhibited both secreted TNFa and cell-associated IL-la (Table 2). 

Despite this inhibition, the differences in cytokine production between the LDLR-/- and 

LDLR+/+ were still present (Table 2). This suggests that CD14, although important for 

cytokine production, is not responsible for the differences between the LDLR-/- and 

LDLR+/+ mice. Secreted IL-la and IL-lß levels were higher in LDLR-/- than LDLR+/+ 

mice, but their synthesis was not influenced by phospholipase С treatment. Cell-associated 

TNFa amounts were low and not influenced by CD14 removal (data not shown). 

The involvement of macrophage scavenger receptors for LPS-stimulated cytokine 

production was investigated by blockage of these receptors with polyinosinic acid (2% 

Such blockage did not influence the cytokine production capacity of the two groups of 

animals (Table 2). 
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Table 2. Effect of CD14 removal (phosphatidilinositol-specific phospholipase C, lh at 

37°C) or macrophage scavenger receptor blockade (polyinosinic acid) on LPS-stimulated 

production of secreted TNFa and cell-associated IL-la. Despite strong inhibition of both 

cytokines, removal of CD14 did not reduce the actual difference in cytokine production 

between LDLR-/- and LDLR+/+ macrophages. 

LPS 

LPS + PLC 

LPS + poly(I) 

TNFa (ng/ml) 

LDLR-/-

0.6Q±0.30 

0.16±0.18 

0.96±0.46 

LDLR+/+ 

0.48±0.15 

0.11±0.09 

0.50±0.13 

IL-la (ng/ml) 

LDLR-/-

5.26±0.73* 

3.61±0.89* 

4.98±1.26 

LDLR+/+ 

3.06±0.84 

1.20±0.29 

2.99±0.34 

*p<0.05 vs. LDLR+/+ 

The role of the CD11/CD18 receptors for the higher cytokine production in LDLR-/- mice 

was investigated by blocking the α-chain of these receptors with specific monoclonal 

antibodies before the cells were exposed to LPS. When CD1 lc was blocked, both secreted 

IL-la and IL-Iß by LPS-stimulated cells of LDLR-/- mice decreased to the levels 

produced by cells from LDLR+/+ mice, whereas cytokine secretion by LDLR+/+ cells 

was not affected by anti-CDl lc treatment (Fig.3). LPS-induced cell-associated IL-la was 

decreased by anti-CDl lc treatment of cells in both LDLR-/- (2.54 + 0.46 vs. 4.57 ± 0.48 

ng/ml in non-treated cells, pO.01) and LDLR+/+ (1.82 ± 0.42 vs. 2.70 ± 0.56 ng/ml, 

p<0.03). While there was a significant difference in cell-associated IL-la in non-treated 

cells between the two groups (pO.01), these differences were no longer present after anti-

CDl 1 с treatment and LPS-stimulation of cells (p>0.05) (see above). These data indicate 

that the increased IL-la and IL-Iß production by macrophages of LDLR-/- mice is 

mediated via the CD1 lc/CDl 8 receptor. TNFa production was not influenced by anti-

CDl lc treatment of cells (data not shown). 
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Figure 3. The effect of CD1 lc blockage on IL-1 synthesis after LPS-stimulation. 

Macrophages from LDLR+/+ and LDLR-/- were incubated with LPS after blockade of 

CD1 lc with a rat monoclonal antibody was performed. The IL-lcc and IL-lß production 

by LDLR-/- mice macrophages was restored to the levels synthesized by normal 

macrophages. p<0.05 vs. controls, #p<0.05 vs. LDLR-/-

Blockade of either CD1 la or Cdl lb did not decrease the production of any of the 

cytokines tested (data not shown). In contrast, binding of anti-CDl lb to the α-chain of the 

receptor had an agonistic effect on cell-associated IL-lcc, as previously reported by 
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Couturier et al (18). The stimulation of IL-la was similar in both LDLR-/- (8.15 ± 1.72 

ng/ml) and LDLR+/+ (9.12 ± 1.21 ng/ml, p>0.05). 

Expression of LPS receptors on cell membranes. In a separate set of experiments, the 

expression of LPS receptors on membranes of LDLR-/- and LDLR+/+ mouse 

macrophages was determined semi-quantitatively by flow cytometric analysis. 

Unexpectedly, the expression of CD14 and CD1 lb was significantly lower on the 

macrophages of LDLR-/- mice (Table 3). A tendency of decreased expression on the 

LDLR-/- macrophages when compared with controls was also observed in case of CD1 lc, 

although the difference was not statistically significant due to relatively large variation 

(Table 3). The expression of CD1 la did not differ between the two groups (Table 3). 

Table 3. Expression of CD 14, CD1 la, CD1 lb and CD11 с on the membranes of 

macrophages from LDLR-/- mice, expressed as a percentage of control (LDLR+/+) 

macrophages (expressed as mean fluorescence intensity). 

% expression ρ value 

CD14 60.8 ±7.5 0.002 

CDlla 103.3 ±11.2 0.59 

CDllb 59.2 ±20.2 0.002 

CDllc 67.2 ±29.6 0.07 

Lipid A stimulation of cytokine production. It has been suggested that most of the biologic 

effects of LPS are induced by its lipid A component ( l5). To investigate the importance of 

lipid A for the increased cytokine production by LDLR-/- macrophages stimulated with 

LPS, peritoneal cells from the knock-out and control animals were stimulated with lipid A 
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under the same conditions as previously described for LPS. When cells were stimulated 

with 1 μ&/πύ lipid A, no difference in cytokine production between the macrophages of 

the two mouse groups was apparent (data not shown). On the other hand, when 

stimulation was performed with 10 ng/ml lipid A, there was a tendency of decreased 

cytokine production by peritoneal macrophages of LDLR-/- mice when compared with 

controls (Fig.4). This argues that the higher LPS-induced cytokine production by cells of 

LDLR-/- mice is not mediated by the lipid A component of endotoxin. 
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Figure 4. Cytokine production capacity of normal (open bars) and LDLR-/- (closed bars) 

macrophages stimulated with the lipid A component of endotoxin (10 ng/ml) for 24 h at 

37°C. p<0.05 vs. controls 
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Discussion 

Understanding the mechanisms of increased cytokine production during 

hypercholesterolemia can have a major importance in rinding new strategies aimed to stop 

or delay development of early atherogenesis. In the present study we studied the capacity 

of macrophages from LDLR-/- mice, which have a five-fold increase in cholesterol 

concentrations (Table I), to produce proinflammatory cytokines. When stimulated with the 

LPS component of Gram-negative bacteria, cells of these mice synthesize more IL-la and 

IL-lß when compared with the wild-type LDLR+/+ mice. This increase is most significant 

for synthesis of IL-la and IL-lß, it is apparent at both mRNA and protein level, and is 

mediated via the CD1 lc/CD18 LPS-receptor. 

Our data on the increased cytokine production capacity by macrophages of LDLR-/- mice 

are sustained by the study of Leirisalo-Repo et al. who observed increased LPS-induced 

TNF production by monocytes of patients with familial hypercholesterolemia ( ' j . The 

result of this study and our present data suggest that cytokine production capacity can be 

modulated by elevated lipoprotein concentrations. Moreover, mononuclear cells from 

persons with high levels of HDL can also produce increased amounts of IL-lß, IL-6 and 

IL-8 when stimulated with LPS (21,2 ). It is unclear why this last phenomenon occurs, 

especially since it has been shown that HDL is able to decrease the expression of LPS 

receptors (23,24). On the other hand, these latter reports, correlated with the higher HDL 

concentrations in the LDLR-/- mice (Table I), may explain the decreased expression of 

adhesion molecules on the macrophages of deficient animals (Table III). Considering the 

fact that the increased production of IL-1 is mediated by CD1 lc/CD18, other mechanisms 

than the actual expression of receptors, such as receptor clustering, conformational 

changes or potentiation of intracellular signalling might have been involved in the higher 

cytokine synthesis induced by LPS in LDLR-/- mice. Studies are currently conducted to 

investigate these potential mechanisms. 
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There are several ways through which hyperlipoproteinemia in LDLR-/- mice could have 

influenced the cytokine production capacity. We have previously shown that specific 

binding of radio labelled LPS to macrophages of LDLR-/- mice is increased when 

compared with binding to control macrophages (' '), suggesting receptor-dependent 

mechanisms. Esfahani and colleagues have shown that macrophages cultured in 

delipidated serum express significantly lower amounts of CD 14 on their cell membranes, 

and this phenomenon can be overcome by addition of lipoproteins to the culture medium 

( ). Moreover, cholesterol is also able to control the clustering of other GPI-linked 

receptors (' ). Therefore, we hypothesized that increased expression or clustering of CD 14 

mediates the higher LPS-induced cytokine production in LDLR-/- mice. We tested this 

hypothesis by removing CD 14 from the cells with glycophosphatidilinositol-specific 

phospholipase C, before stimulation with LPS. While we cannot exclude that PLC 

treatment removed other potential GPI-linked LPS receptors, there are no data in the 

literature to support this hypothesis. It is therefore most likely that the PLC effects we 

observed are due to removal of CD 14. Removal of CD 14 from cells greatly reduced 

TNFa and IL-la production, as has been also observed in CD 14 knock-out mice ( ) and 

in cells of patients with paroxysmal nocturnal haemoglobinuria who lack the membrane 

CD 14 (26). Nevertheless, the difference between the LDLR-/- and LDLR+/+ macrophages 

was unaffected by CD 14 removal, arguing that CD 14 is not the receptor responsible for 

the difference between the two groups. 

Another argument that CD 14 is not involved in the difference between the two mouse 

strains is the observation that the differences in cytokine production were present only 

when cells were stimulated with a high LPS concentration (1 μg/ml) in the absence of 

plasma factors, and not when stimulated with 1 ng/ml in the presence of LBP-containing 

plasma. CD14 is the main LPS-receptor when cells are stimulated with low amounts of 

LPS, but the LPS-CD14 interaction requires the presence of LBP, an acute phase protein 

present in plasma (14,15). On the other hand, at the tissue level where plasma factors are 

scarcely present and high levels of LPS may be present in the vicinity of cells, CD 14-

independent mechanisms are also involved in the LPS stimulation of cytokine production. 
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The importance of the tissue macrophage-derived cytokine production for the circulating 

concentrations of proinflammatory cytokines is underlined by studies showing that 

leukopenic animals have increased circulating cytokines when stimulated with LPS, 

through cytokine production by tissue macrophages (27). 

A second potential receptor responsible for the higher cytokine synthesis in LDLR-/- mice 

is the ß2-integrin CD1 lc/CD18. CD1 lc/CD18 has been recently shown to induce an 

intracellular signal in response to LPS stimulation, and its activation does not require the 

presence of plasma ( ). When CD1 lc chain was blocked before LPS stimulation of the 

cells, IL-lcc and IL-lß production was significantly decreased and the differences between 

LDLR-/- and LDLR+/+ mice were no longer present. This demonstrates that 

CD1 lc/CD18 is the responsible LPS-receptor for the higher cytokine production by 

LDLR-/- macrophages. This conclusion is in agreement with the fact that there is no 

difference in cytokine production after stimulation with low LPS concentrations, since it 

has been shown that stimulation via CDllc/CD18 requires high LPS concentrations ( ). 

The specific induction of IL-1, but not TNF production, by CD1 lc/CD18-medialed 

signals is in line with recent data from our lab suggesting that CD14-independent 

pathways are very important for LPS-induced IL-1 production, whereas TNF synthesis is 

mostly CD14-dependent (Netea et al., submitted). 

Oxidized LDL are able to induce IL-lß and TNFa production by binding and stimulation 

of macrophage scavenger receptors ( ), whereas stimulation of CD 11 a/CD 18 and 

CD1 lb/CD18 with monoclonal antibodies is able to induce cell-associated IL-1 ( ). 

However, no intracellular signal has been demonstrated after LPS binding to these 

receptors so far. We have not been able to inhibit cytokine production by blockade of 

macrophage scavenger receptors and CD1 la/CDl 8. On the other hand, treatment of cells 

with our anti-CD 1 lb antibody had an agonistic effect on the cell-associated IL-la. No 

differences in IL-la production upon anti-CD 1 lb antibody stimulation were found 

between LDLR-/- and LDLR+/+ macrophages. Although indirectly, this may suggest that 

CD1 lb/CD 18-mediated signals do not differ in the two mouse strains. 
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Very little is known about the molecular mechanisms involved in the LPS-stimulated 

cytokine production via CD1 lc/CD18. While stimulation of cytokines via CD14-LPS 

interactions involves both transcriptional and translational activation ( ), our mRNA data 

points towards increased transcriptional activation in macrophages of LDLR-/- mice. Our 

data are sustained by the study of Ingalls and Golenbock who showed translocation of 

nuclear factor-kB upon LPS-stimulation via CD1 lc/CD18 (l6). More studies are needed to 

further elucidate the molecular mechanisms involved in LPS-induced cytokine production 

viaCDllc/CD18. 

There are many data in the literature arguing that lipid A part of LPS is responsible for the 

vast majority of the LPS biological activities (for review ref. '). We tested whether lipid 

A is also involved in the observed higher cytokine production capacity by macrophages of 

LDLR-/- mice. No increased cytokine synthesis by peritoneal macrophages of LDLR-/-

was observed when stimulated with lipid A, suggesting that the saccharide part of LPS is 

important for CD1 lc/CD18 binding. Although it has previously shown that lipid A can 

bind to CD11/CD18 family of integrins (17), the possibility that the saccharide part of LPS 

may be involved in the stimulation of CD1 lc/18 by LPS is suggested by the fact that 

saccharides are able to bind to and inhibit activation of ß2integrins ( ). When cells of 

LDLR-/- mice were stimulated with low amounts of lipid A (10 ng/ml), they produced 

lower amounts of cytokines than control macrophages. Lipid A has been shown to be 

involved in binding and activation of GDI4 (33), and we have observed that expression of 

CD 14 is decreased on the LDLR-/- macrophages. It may be hypothesized that lower CD 14 

expression results in reduced synthesis of cytokines after stimulation by lipid A, whereas 

in case of LPS-stimulation additional mechanisms (involving probably CD1 lc/CD18) are 

involved for the restored cytokine production capacity. 

In conclusion, macrophages of LDLR-/- mice synthesize more IL-1 in response to LPS 

stimulation, process mediated through CD1 lc/CD18. This phenomenon, coupled with the 

adhesion properties of the molecule, underscores the importance of B2-integrins for the 
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development of atherogenesis. Further studies to investigate clinical relevance and 

possible therapeutic applications in human disease are warranted. 
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ABSTRACT 

It has been suggested that proinflammatory cytokines such as tumor necrosis factor-α 

(TNF) and interleukin-lß (IL-1), as well as adhesion molecules such as ß2-integrins and 

CD 14, play a role in the pathogenesis of atherosclerosis. Familial hypercholesterolemia 

(FH) is an autosomal disease in which defective or absent LDL receptors are the cause for 

extreme LDL concentrations and early development of atherosclerosis. We studied 

lipopolysaccharide-induced cytokine production and the expression of adhesion molecules 

by mononuclear cells of 3 homozygous FH patients, and compared them with first-degree 

relatives and healthy controls. There was a tendency towards increased cytokine 

production by cells of FH patients, whereas the expression of adhesion molecules was not 

modified compared to controls. In addition, LDL-apheresis significantly inhibited IL-1 

and TNF production and the expression of CD1 la, CD1 lb, CD1 lc and CD14 by the 

mononuclear cells of FH patients, and this may be an additional beneficial effect of LDL-

apheTesis apart of decreasing LDL concentrations. 
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It has been suggested that immune mechanisms, such as inflammatory mediators induced 

by the lipopolysaccharide (LPS)-cell wall component of Gram-negative microorganisms, 

play an important role in the development of atherosclerosis [1]. Proinflammatory 

cytokines such as tumor necrosis factor-α (TNF) and interleukin-lß (IL-1) are considered 

to be the main mediators of LPS toxicity [2]. Apart from their role in LPS-mediated 

endothelial damage, the proinflammatory cytokines are able to increase the expression of 

adhesion molecules [3], to enhance the uptake of oxidized LDL through increased 

expression of macrophage scavenger receptors [4], to regulate the plaque stability [5], 

and to induce production of endogenous growth factors which regulate cell proliferation in 

the arterial cell wall [6], all potentially important mechanisms in the process of 

atherosclerosis. Moreover, induction of adhesion molecules by LPS leads to adhesion of 

monocytes and T-cells to endothelium, process which is very important for the initiation 

of the atherogenic lesion [7], [8], [9]. 

Few studies have investigated the cytokine production capacity and expression of 

adhesion molecules of cells from patients with familial hypercholesterolemia (FH), an 

autosomal disease characterized by defective or absent LDL-receptors, increased levels of 

LDL and early development of atherosclerosis [10]. Leirisalo-Repo and colleagues have 

shown that monocytes of FH patients have an increased TNF response to LPS stimulation, 

but they used very high concentrations of LPS [11]. Whether induction of cytokine 

production by biologically relevant concentrations of LPS, in the nanogram/ml range, is 

also increased in FH is not known. In addition, native LDL increase expression of ICAM-

1 in-vitro [12], and increased ß2-integrin expression [13] and plasma levels of soluble 

adhesion molecules [14] have been recently reported in patients with 

hypercholesterolemia of various etiologies. Despite these studies and the importance of 

adhesion molecules for atherosclerosis, little is known of their expression and function in 

FH. In this respect, it is important to underline that p2-integrins, together with the CD 14 

molecule, are also important LPS receptors. 
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The aim of the present study was to assess the TNF and IL-1 production capacity of 

peripheral blood mononuclear cells (PBMC) from 3 homozygous FH patients in the basal 

state and after LDL-apheresis performed biweekly to reduce plasma cholesterol 

concentrations. In addition, we studied whether hypercholesterolemia in these patients led 

to modified expression of ß2-integrins and CD 14 on their circulating monocytes and 

lymphocytes. 

METHODS 

Patients and controls. Three homozygous FH patients (all women, 16,17 and 25 years 

old) took part in the study. The diagnosis of FH was proven by DHA and familial 

investigation. Two patients underwent CBAG at the age of 16 years old, whereas the third 

did not have significant coronary disease on angiography. They were treated with 

cholesterol synthesis inhibitors (40-80 mg/day atorvastatin), aspirin (80 mg/day), and 

underwent LDL-apheresis every two weeks. Because of the genetic variability in 

cytokine-production, one group of controls consisted of first-degree family members of 

the 3 patients. Moreover, since the circumstances of testing are important variables for the 

cytokine production capacity, all determinations weTe done at the same time for each 

patient and the respective control volunteer. None of the patients or controls received 

immuno-suppressive therapy or suffered from a systemic illness; none had an infection in 

the previous 4 weeks. In addition, cytokine values were also determined in a group of 21 

healthy volunteers. 

LDL-apheresis. LDL adsorption from the homozygous FH-patients was performed using a 

Liposorber column (LA-15, Kanefuchi Chemical Industry, Tokyo) installed in a double 

column system [15]. The liposorber column contains 150 ml dextran sulfate-cellulose gel 

that selectively adsorbs apo B-containing particles from plasma. NaCl solution 

reciprocally reactivates the adsorbent columns by during LDL. The two columns are used 

in rotation: while one serves as immunoadsorbent, LDL is being desorbed from the other. 

The treated plasma is then reinfused into the patient after mixing with the cell-rich blood-
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component. Coagulation is prevented by heparin. The maximal blood flow is 120 ml/min 

and five litéis of plasma are treated in each session of approximately three hours. 

LPS-stimulation ofPBMC. Venous blood from one patient with familial 

hypercholesterolemia and one family member was drawn at the same time into three 10 ml 

EDTA tubes (Monoject, s-Hertogenbosch, The Netherlands). Venous blood from the 

homozygous FH patients was drawn before and directly after LDL-apheresis. Two 

determinations of cytokines were performed for each patient and volunteer. A similar 

procedure was performed for the unrelated 21 healthy volunteers. 

Separation and stimulation of PBMC was performed as described elsewhere [16], with 

minor modifications. The PBMC fraction was obtained by density centrifugation of 

diluted blood (1 part blood to 1 part pyrogen-free saline) over Ficoll-Paque (Pharmacia 

Biotech AB, Uppsala, Sweden). PBMC were washed twice in saline and suspended in 

culture medium (RPMI1640 DM, ICN Biomedicals Inc., Costa Mesa) supplemented with 

human serum 5%, gentamicin 1%, L-glutamine 1% and pyruvate 1%. The cells were 

counted on a Coulter counter (Coulter Electronics, Mijdrecht, The Netherlands) and the 

number was adjusted to 5x106 cells/ml. 5xl05 cells/well were incubated in 96-wells plates 

(Greiner B.V., Alphen a/d Rijn, The Netherlands) with or without 100 μΐ of a solution of 

LPS (final concentrations of 1 ng/ml or 1 μg/ml) for 24h at 37°C. Samples were stored at -

70°C until assay. 

TNF and IL-1 measurement. TNFa and IL-Iß concentrations were determined by specific 

radioimmunoassay as described [17]. 

Flow cytometry analysis. PBMC from FH patients and controls were isolated as described 

above and adjusted to 4xl06 cells/ml. 4xl05 cells were transferred into each tube and 

incubated in the dark at 4°C for 30 minutes with 3 μg/ml of the following mouse anti-

human monoclonal antibodies: anti-CD14 (clone M5E2), anti-CDl la (G43-25B), anti-

CD1 lb (44) and anti-CDl 1 с (B-ly6) (kindly provided by Dr. Jorg Homfeld, PharMingen 
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GmBH, Hamburg, Germany). The cells were washed, resuspended in PBS supplemented 

with 0,5% BSA and 0,1% NaN3, and incubated with FITC-conjugated sheep anti-mouse 

antibodies (titer 1:300) (Jackson Labs., New Brunswick, NJ) in the dark at 4°C for 30 

minutes. After an additional two washes, the contaminating erythrocytes were lysed with 

FACS lysing solution (Beckton and Dickinson, Mountain View, CA), according to the 

instructions of the manufacturer. Subsequently, the cells were fixed in 2% 

paraformaldehyde solution and the expression of the various membrane antigens was 

measured using a flow cytometer (Becton and Dickinson). 

Lipid measurements. Cholesterol and triglycerides were determined by enzymatic 

methods on a Hitachi 747 analyzer. 

RESULTS 

Lipid concentrations. Total cholesterol and LDL-cholesterol concentrations before LDL-

apheresis were high in the homozygous FH patients (total cholesterol: 8.4,9.2 and 9.9 

mmol/1, LDL-cholesterol: 7.3,7.7 and 8.5 mmol/1), while HDL-cholesterol levels were 

low (0.73,0.73 and 1.12 mmol/1). After LDL-apheresis, total cholesterol levels were 

markedly decreased to 1.7,1.9 and 2.4 mmol/1 respectively. Triglyceride concentrations 

decreased only slightly from 1.0,1.3 and 1.6 mmol/1 to 0.72,0.92 and 0.90 mmol/1 

respectively. 

Cytokine production capacity. Circulating cytokine concentrations were low and not 

influenced by LDL-apheresis (IL-1: 0.11,0.12 and 0.07 after LDL-apheresis vs. 0.10,0.10 

and 0.09 ng/ml before apheresis, and TNF: 0.075,0.075 and 0.055 after apheresis vs. 

0.060,0.075 and 0.075 ng/ml before apheresis). No differences with the values in both 

control groups could be observed (data not shown). 

The cytokine production of PBMC from patients and controls was studied after 

stimulation with two different LPS concentrations: 1 ng/ml LPS stimulation in which 

serum dependent, CD14-mediated mechanisms are responsible for cytokine production, 
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Figure 1. IL-1 (a,c) and TNF (b,d) production capacity after stimulation with LPS 1 ng/ml 
(a,b) or 1 μ^πιΐ (c,d)· Production of cytokines in the 3 homozygous FH patients and in the 
respective controls was assessed in two different occasions (open and closed symbols). 
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Figure 2. IL-1 (a,c) and TNF (b,d) production capacity after stimulation with LPS 1 ng/ml 
(a,b) or 1 μ^ηιΐ (c,d). Production of cytokines in the 3 homozygous FH patients before 
and after LDL-apheresis was assessed in two different occasions (open and closed 
symbols). 
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and 1 ц ^ т і LPS stimulation in which serum- and CD14-independent mechanisms are 

important for the LPS-induced cytokine synthesis [18]. After stimulation of PBMC with a 

concentration of 1 ц ^ т і LPS, cytokine concentrations were three to eight times higher 

than after the stimulation with 1 ng/ml concentration. After 24 hours of incubation of 

PBMC with LPS at both LPS concentrations, IL-1 and TNF production tended to be 

higher in homozygous patients than in the respective first degree relatives (Fig. 1). The 

control production in healthy volunteers after stimulation with 1 ng/ml LPS was 3.8 ± 4.3 

ng/ml for IL-1 and 0.9+1.1 ng/ml for TNF, and after stimulation with 1 μ^/τηί LPS was 

12.6 ± 8.9 ng/ml for IL-1 and 2.3 ± 2.0 ng/ml for TNF. 

The effect of LDL-apheresis on cytokine production. LDL-apheresis induced a marked 

decrease in the synthesis of IL-1 after stimulation of PBMC with 1 ng/ml LPS, whereas 

TNF production after apheresis was only marginally decreased (Fig.2a and b). When 

mononuclear cells were stimulated with LPS at a concentration of 1 μg/ml, a tendency 

towards lower IL-1 production was apparent after apheresis, and again TNF synthesis was 

not modified (Fig. 2c and d). 

Expression of ß2-integrins and CD14. The expression of the LPS-receptors CD14, 

CD1 la, CD1 lb, and CD1 lc on monocytes and lymphocytes of FH patients before 

apheresis and controls showed no difference (Table 1). There was no correlation between 

plasma cholesterol concentration and expression of CD14 or CD1 la, CD1 lb, and CD1 lc. 

However, the expression of all molecules strongly decreased after LDL-apheresis (Table 

2)· 

DISCUSSION 

In the present study we found that the cytokine production capacity in patients with 

homozygous FH was increased when compared to controls. The expression of CD 14 and 
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α-chain of ß2-integrins were not modified in FH patients. LDL-apheresis had a potent 

inhibitory effect on both cytokine production and expression of adhesion molecules. 

There is increasing evidence that proinflammatory cytokines such as IL-1 and TNF are 

important in atherogenesis [1]. Recent studies have shown that mononuclear cells from 

heterozygous FH patients [11] and LDLR-/- mice [19] produce more proinflammatory 

cytokine than control cells. These data are sustained by the findings of the present study, 

showing that PBMC from homozygous FH patients produce more IL-1 and TNF than 

PBMC from first-degree relatives after stimulation with LPS. It is important to underline 

that these controls were also diagnosed with heterozygous FH. In a recent study, we have 

shown that at pathophysiologically relevant LPS concentrations, the cytokine production 

capacity of heterozygous FH patients is similar to that of normal controls (de Bont et al, 

manuscript submitted). The tendency for an increased cytokine production in the 

homozygous FH patients was also apparent when compared with a group of healthy 

controls. Due to the rare incidence of the disease, we could study only 3 homozygous FH 

patients. A collaborative study in which more patients are investigated it is needed to 

confirm our data. 

Table 1. Expression ofLPS-receptors on monocytes and lymphocytes of homozygous FH 

patients, expressed as percentages of controls. 

monocytes lymphocytes 

CD14 107 108 

CDlla HI 92 

CDllb 99 103 

CDllc 106 98 

Expression of CD 14, CD1 la, CD1 lb, and CD1 lc was analyzed by F ACS. Numbers are 

shown as percentage of expression on control cells of first degree relatives (n=3). 
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There are several ways through which hyperlipoproteinemia could influence cytokine 

production capacity. We have previously reported that specific binding of radiolabelled 

LPS to macrophages of LDLR-/- mice is increased when compared with binding to 

control macrophages [19], arguing for receptor-dependent mechanisms. It has also been 

shown that hypocholesterolemia decreased the expression of CD 14, and that LDL 

suppletion restored normal expression [20]. Despite the fact that these studies suggest 

increased expression of LPS-receptors as a potential mechanism for higher cytokine 

production in FH, the expression of both CD14 and the 02-integrins CD1 la, CD1 lb and 

CD1 lc was normal on the circulating cells of the FH patients. This is an argument that a 

greater number of LPS-receptors on cells from FH patients is not the responsible 

mechanism for enhanced cytokine production. Modulation of clustering of the LPS-

receptors may be the mechanism, since cholesterol controls the clustering of other GPI-

linked receptors [21] and clustering is an important mechanism for increased receptor-

mediated intracellular signalling. Alternatively, changes in the phenotypic characteristics 

of monocyte subpopulations in patients with hypercholesterolemia as shown by others 

[22], may also be involved in the increased cytokine production. Further studies are 

needed to elucidate this matter. 

Table 2. Expression of LPS-receptors on cells of the homozygous FH patients after LDL-

apheresis, given as percentage of expression before LDL-apheresis. 

monocytes lymphocytes 

CD14 57 46 

CDlla 51 54 

CDllb 56 50 

CDllc 54 42 

Numbers represent means of the percentage of the expression after LDL-apheresis versus 

the expression before the procedure (n=3). 



236 Chapter 13 

LDL-apheresis affected the LPS-induced cytokine production and LPS-receptor 

expression. While circulating concentrations of cytokines were not modified by LDL-

apheresis, as others have also reported [23], the LPS-induced IL-1 synthesis after LDL-

apheresis was reduced when compared with the production capacity before the start of the 

procedure. TNF production was much less influenced. Because it is well known that 

regulation of IL-1 and TNF synthesis occurs through different pathways [24], this may 

explain the differential effect of apheresis on the IL-1 and TNF synthesis. 

The changes in cytokine production capacity after LDL-apheresis were accompanied by a 

lower expression of CD14, CD1 la, CD1 lb and CD1 lc on the cells. Since the effects of 

apheresis are rapid, it is unlikely that this is a consequence of the decrease in cytokine 

production capacity. However, the reverse may be the case: the decreased expression of 

these molecules may influence cytokine production, because they are important LPS-

receptors [18]. Others have also observed a significant reduction of the adhesion 

molecules VLA-4 and VLA-5 expression [25], and decreased circulating levels of 

sICAM-1 and sELAM-1 [23] after LDL-apheresis. Taken together, the decreased 

cytokine production and decreased expression of adhesion molecules may represent 

important additional mechanisms through which LDL-apheresis may exert its beneficial 

effects in slowing the progression of atherosclerotic disease [15]. 
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Abstract 

Inflammatory processes play an important role in atherosclerosis, and proinflammatory 

cytokines such as interleukin-lß (IL-1), IL-6 and tumour necrosis factor-α (TNF) are 

thought to play an important role in this phenomenon. The aim of the present study was 

to investigate whether the hyperlipoproteinemia leading to atherosclerosis in patients 

with familial hypercholesterolemia (FH) is associated with an increased cytokine 

production capacity and/or increased adhesion molecule expression on their peripheral 

blood mononuclear cells (PBMC). Lipopolysaccharide (LPS)-induced cytokine 

production by PBMC of heterozygous FH patients was similar to that of healthy 

controls, and no influence of HMG-CoA reductase inhibitors treatment on cytokine 

synthesis could be observed. Expression of the LPS-receptor CD 14 and of ß2-integrins 

on the PBMC of FH patients was normal. In conclusion, cytokine production capacity 

and adhesion moleculae expression do not deviate in subjects with FH, and is not 

influenced as a result of treatment with cholesterol synthesis inhibitors. 
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1. Introduction 

The lipopolysaccharide (endotoxin, LPS) component of Gram-negative bacteria cell-

wall is considered to be responsible for several pathological conditions in which these 

micro-organisms are involved. Apart from the role of LPS in Gram-negative sepsis [1], 

recent studies suggest that LPS-induced immune mechanisms may be important in 

triggering atherogenesis [2-4]. One way in which LPS could initiate the atherosclerotic 

lesion, is by formation of complexes with the lipoproteins [5] that are transported from 

the circulation into the arterial wall and initiate an inflammatory response [6]. In 

addition, LPS can activate macrophages and induce oxidative modification of low-

density lipoproteins (LDL) [7], a major mediator in atherogenesis [8,9]. Furthermore, 

LPS is able to enhance the expression of adhesion molecules and thereby adhesion of 

monocytes and Τ cells to endothelium [10-12]. Endothelial damage appears to be more 

severe and persistent if LPS is administered to hypercholesterolemic animals compared 

to control animals [13]. This LPS toxicity is considered to be mediated mainly by 

proinflammatory cytokines such as tumor necrosis factor-α (TNFa), interleukin-la (IL-

la) and IL-lß [1]. Apart from their role in LPS-mediated endothelial damage, the 

proinflammatory cytokines are also able to enhance the uptake of oxidised LDL through 

increased expression of macrophage scavenger receptors [14] and to regulate the plaque 

stability [15]. Each of these may be important in the process of atherosclerosis. 

Moreover, these cytokines induce the production of endogenous growth factors which 

regulate cell proliferation in the arterial wall [16]. 

Few reports in the literature deal with cytokine production capacity of cells from hyper

cholesterolemic hosts. Leirisalo-Repo and colleagues have shown that monocytes of 

patients with familial hypercholesterolemia (FH) produce more TNFa in response to 

LPS in vitro [17], while we have recently reported that peritoneal macrophages of mice 

deficient for the LDL receptor have a higher cytokine production capacity in response to 

LPS than control mice [18]. The mechanisms behind these increased responses have not 

been elucidated. Recent in-vitro studies, however, have shown that cholesterol regulates 
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the cell surface expression of CD 14 - the main LPS receptor [19], and controls the 

clustering of other glycophospholipid-anchored receptors [20], suggesting involvement 

of receptor mediated mechanisms in the increased LPS-induced cytokine synthesis. 

To our knowledge only a few reports describe the effects of HMG-CoA reductase 

inhibitor therapy, which decreases serum cholesterol levels effectively and can reduce 

cardiovascular morbidity and mortality [21, 22], on proinflammatory cytokines. 

Leirisalo-Repo et al. have demonstrated that TNF production by monocytes was not 

altered due to hypocholesterolemic treatment [17]. Other reports investigating the effect 

of cholesterol synthesis inhibitors on cytokine production capacity in vitro, 

demonstrated that production of IL-6 and IL-8, and monocyte chemoattractant protein-1 

(MCP-1) by monocytes and human mesangial cells, respectively, is inhibited [23,24]. 

In the present study, we assessed the cytokine production capacity of peripheral blood 

mononuclear cells (PBMC) from FH patients and healthy controls. We also investigated 

the expression of CD14 and of the ß2-integrins CD1 la, CD1 lb, and CD1 lc on 

peripheral monocytes and lymphocytes, since these adhesion molecules are considered 

important LPS receptors. As no data about the in vivo effects of cholesterol lowering 

treatment on production of IL-lct, IL-1 β, IL-1 receptor antagonist (IL-lra) and IL-6 by 

PBMC are available, this was investigated in a second group of heterozygous FH 

patients treated with an HMG-CoA reductase inhibitor. 

2. Methods 

2.1. Study design. The present study deals with two cohorts of FH patients. The first 

cohort consisted of a group of twenty-one heterozygous FH patients (Table 1). They 

were treated with HMG-CoA reductase inhibitors (20-40 mg/day). To exclude a direct 

interaction of this medication with our assays, cholesterol-lowering treatment was 

stopped intentionally two days before blood samples were obtained. For twelve patients 

the controls consisted of family members (siblings and parents), while for the remaining 
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patients the controls were age and weight-matched healthy volunteers from the hospital 

personnel. There were no significant differences in age or weight between patients and 

controls. In the second cohort of heterozygous FH patients (n=27) (Table 2) we 

investigated the effects of hypolipidemic treatment. These patients stopped cholesterol-

lowering medication 8 weeks before the study. Subsequently, the FH subjects were 

treated, in a double blind trial, with either simvastatin (40 mg daily) or atorvastatin (80 

mg daily). The present investigations were performed just before and eight weeks after 

starting the treatment. None of the patients or controls received immunosuppressive 

therapy during the study or had a systemic illness or infection that could have 

influenced the immunological system. The study was approved by the local ethical 

committee, and written informed consent was obtained from all participants before 

being enrolled in the study. 

2.2. Lipid measurements. Fasting plasma concentrations of total cholesterol, high-

density lipoprotein (HDL) cholesterol and plasma triglycerides were determined 

enzymatically on a Hitachi 747 analyser [25]. LDL cholesterol levels were calculated 

with the Friedewald formula [26]. 

Table 1. Characteristics of the first cohort of heterozygous familial 

hypercholesterolemia (FH) versus controls. 

η 

male/female 

age (years) 

weight (kg) 

total cholesterol 

LDL-cholesterol 

HDL-cholesterol 

triglycerides 

FH 

21 

12/9 

46.7 ±15.8 

75.7±13.6 

7.6 ±1.6 

5.8 ±1.6 

1.18 ±0.35 

1.71 ±0.91 

controls 

21 

10/11 

39.6 ±15.6 

71.3 ±9.5 

5.5 ± 0.9 

3.7 ±0.9 

1.26 ±0.20 

1.21 ±0.54 

Ρ 

n.s. 

n.s. 

n.s. 

n.s. 

< 0.001 

< 0.001 

n.s. 

0.03 
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2.3. LPS-stimulation ofPBMC. Venous blood from one heterozygous FH patient and 

one control was drawn at the same time and tested simultaneously. Venous blood from 

the group of heterozygous FH patients on hypolipidaemic drag was drawn just before 

and eight weeks after starting medication. 

Separation and stimulation of PBMC was performed as described elsewhere [27], with 

minor modifications. Briefly, blood was drawn into EDTA tubes (Monoject, 's-

Hertogenbosch, The Netherlands). The PBMC fraction was obtained by density 

centrifiigation of diluted blood (1 part blood to 1 part phosphate buffered saline (PBS)) 

over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC were washed 

twice in PBS and suspended in culture medium (RPMI1640 Dutch modification, ICN 

Biomedicals Inc., Ohio, USA) supplemented with 5% human plasma (heath 

inactivated), 1% gentamicin, 1% L-glutamine and 1% pyruvate. The cells were counted 

with a Coulter counter (Coulter Electronics, Mijdrecht, The Netherlands) and cell 

concentration was adjusted to 5x10 cells/ml. Cells were incubated at 5xl05 cells/well in 

96-wells polystyrene plates (Greiner B.V., Alphen a/d Rijn, The Netherlands) with or 

without LPS (final concentrations of 1 ng/ml and 1 μg/ml). The supematants were 

collected after 4 hr or 24 hr of incubation at 37°C and 5% C0 2, and stored at -70°C until 

assay. To the remaining PBMC, 200 μΐ RPMI 1640 was added, and the cells were 

disrupted by three freeze-thaw cycles to determine the cell-associated cytokine contents. 

The samples were stored at -70°C until cytokine measurements. 

2.4. Cytokine measurements. IL-la (cell-associated), IL-lß, IL-lra and TNFcc 

concentrations were determined using a radioimmunoassay as described previously 

[28]. IL-6 concentrations were determined using an ELISA (Pelikine Compact"" human 

IL-6 ELISA kit, CLB, Amsterdam, the Netherlands). To minimise analytical errors, all 

samples from the same patients were analysed in the same run in duplicate. The inter-

assay variation of our RIA and ELISA are estimated to be less than 15%, while the 

intra-assay variation is less than 10%. These are typical figures for these assays. In order 

to correct for spontaneous cytokine release, the net production was calculated by 

subtracting the concentrations without stimulus from those induced by LPS. 
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Table 2. Plasma cholesterol and triglycerides in the second cohort of heterozygous FH 

patients before and after cholesterol lowering treatment. 

η 

male/female 

age (years) 

weight (kg) 

total cholesterol 

LDL-cholesterol 

HDL-cholesterol 

triglycerides 

Before medication 

27 

12/15 

44.5 ± 9.7 

74.2 ± 9.3 

11.37± 1.8 

9.40 ±1.75 

1.16±0.31 

1.99 ±0.92 

After medication 

27 

12/15 

44.5 ±9.7 

74.2 ± 9.3 

6.60 ±1.53 

4.81 ±1.50 

1.22 ±0.3 

1.37 ±0.67 

Ρ 

n.s. 

n.s. 

n.s. 

n.s. 

< 0.001 

< 0.001 

<0.04 

< 0.001 

Results are mean ± S.D. 

2.5. Flow cytometry analysis. PBMC from nine heterozygous FH patients and nine 

controls were isolated as described above and adjusted to 4x10 cells/ml. 4x10 cells 

were transferred into each tube and incubated in the dark at 4°C for 30 minutes with 3 

μg/ml of the following mouse anti-human monoclonal antibodies: anti-CD14 (clone 

M5E2), anti-CDl la (G43-25B), anti-CDl lb (44) and anti-CDl lc (B-ly6) (kindly 

provided by dr. Jorg Homfeld, PharMingen GmBH, Hamburg, Germany). The cells 

were washed, resuspended in PBS supplemented with 0.5% BS A and 0.1% NaN3, and 

incubated with FITC-conjugated sheep anti-mouse antibodies (titer 1:300) (Jackson 

Labs., New Brunswick, NJ) in the dark at 4°C for 30 minutes. After two washings, the 

contaminating erythrocytes were lysed with FACS lysing solution (Beckton and 

Dickinson), according to the instructions of the manufacturer. Subsequently, the cells 

were fixed in 2% paraformaldehyde solution and the expression of the various LPS-

receptors was measured using a flow cytometer (Coulter, Palo Alto, CA). The 

expression of the LPS-receptors on the membrane of monocytes and lymphocytes from 

FH patients was calculated relative to that of the controls. 
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2.6. Statistical evaluation. Data are given as mean ± S.D. Statistical analysis was 

performed using a Wilcoxon test for paired and unpaired data. A 2-sided PO.05 was 

considered to be significant. 

Results 

Lipid concentrations. Total plasma cholesterol, LDL-cholesterol and triglyceride 

concentrations were significantly higher in the first cohort of heterozygous FH patients 

when compared with control subjects, while no difference in plasma HDL-cholesterol 

was found (Table 1). In the second cohort of heterozygous FH patients, total plasma 

cholesterol, LDL-cholesterol and triglyceride concentrations were significantly 

decreased (42%, 49%, and 31% resp.), whereas HDL-cholesterol concentrations were 

only slightly, yet significantly, increased (5%) after hypocholesterolemic treatment 

(Table 2). Fasting lipid levels between the control groups of family members and of 

hospital personnel were similar (data not shown). 

Cytokine production capacity. No differences in the LPS stimulated cytokine production 

capacity ex vivo between the control groups were found (data not shown). Circulating 

concentrations of IL-Iß, IL-Ira, IL-6 and TNFct and the cytokine production of 

unstimulated mononuclear cells were very low and did not differ between patients and 

controls or after cholesterol lowering treatment (data not shown). 

The cytokine production of PBMC from FH patients and controls was assessed at two 

different LPS concentrations: at 1 ng/ml LPS where serum dependent, CD14-mediated 

mechanisms are relevant, and at 1 μg/ml where serum- and CD14-independent 

mechanisms are important for the LPS-induced cytokine synthesis. With 1 μ&ΊηΙ LPS, 

cytokine levels were three to eight times higher compared to the stimulation with a 1 

ng/ml concentration. Production capacity for IL-Iß and TNFoc at either concentration 
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did not differ significantly between PBMC from heterozygous FH patients and controls 

(Fig-1). 
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Figure 1. Production of Interleukin (IL)-Iß and Tumour Necrosis Factor (TNF)-a by 

PBMC of heterozygous FH patients (shaded bars) and their controls (hatched bars) after 

stimulation with either 1 ng/ml or 1 μg/ml LPS. 
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Table 3. Production of various cytokines by PBMC after stimulation with LPS for 4 

hours and 24 hours before and during treatment to decrease cholesterol. 

и Before cholesterol lowering After cholesterol lowering 

IL-la (ng/ml) 

4h 

24 h 

IL-lß(ng/ml) 

4h 

24 h 

IL-Ira (ng/ml) 

4h 

24 h 

IL-6 (ng/ml) 

24 h 

TNF a (ng/ml) 

4h 

24 h 

25 

23 

22 

22 

25 

23 

20 

25 

19 

0.56 ±0.19 

0.50 + 0.05 

0.28 ± 0.06 

1.1511.34 

0.47 ±0.53 

2.75 ±2.37 

12.5 ±8.8 

1.55 ±1.22 

1.47 ±1.30 

0.53 ±0.14 

0.47 ±0.07 

0.15±0.15 

0.75 ± 0.47 

0.31 ±0.33 

2.40 ±1.63 

11.2 ±5.4 

1.45 ±0.69 

1.26 ±0.53 

Results are mean ± S.D. As in some cases we ran out of cells, η is different for the 

cytokines we tested. Net production was calculated by subtracting the concentrations 

without stimulus from the concentrations induced by LPS. 

On hypolipidemic treatment cytokine production by exposing PBMC to 1 ng/ml LPS 

for either 4 or 24 hours was similar before and 8 weeks on treatment (Table 3). 
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Expression of LPS-receptors. The expression of the LPS-receptors CD 14, CD1 la, 

CD1 lb, and CD1 lc was assessed on monocytes and lymphocytes of nine heterozygous 

FH patients and controls. No differences in expression of the LPS-receptors was shown 

between heterozygous FH patients and the healthy volunteers (Table 4). Neither was 

there a correlation between plasma cholesterol or LDL-cholesterol concentration and 

expression of CD 14 or CD 1 la, CD 1 lb, and CD 11 с 

Table 4. Expression of LPS-receptors on monocytes and lymphocytes of heterozygous 

FH patients, expressed as percentages of controls. Expression of the LPS-receptors 

CD14, CD1 la, CD1 lb, and CD1 lc was analyzed by FACS on PBMC of 9 

heterozygous FH patients and 9 controls. 

monocytes lymphocytes 

CD14 102 ±18 98 ±91 

CDlla 107115 112128 

CDllb 101122 103135 

CDllc 108120 111159 

Numbers are shown as percentage of expression on control cells. None of the receptors 

differs significantly between patients and controls. 

4. Discussion 

In the present study, no differences in cytokine production capacity between 

heterozygous FH patients and controls were seen. These results are divergent from those 

of Leirisalo-Repo et al. who reported increased LPS-induced TNF production by 

monocytes of heterozygous patients with familial hypercholesterolemia [17]. There a 

couple of explanations for this. An important difference with our study was the higher 

cholesterol concentration in their patients when compared with our first cohort. Most 
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likely this was due to the fact that in our study the first cohort stopped medication for 

only 2 days prior to collection of blood, while in the above mentioned report the patients 

had stopped medication for 6 weeks. It is conceivable that the lack of difference in 

cytokine production in our first cohort is due to the relatively small difference in 

cholesterol concentrations between patients and controls. However, the second cohort 

did not show any difference in TNFct production capacity either, even though the 

cholesterol levels were decreased by more than 40%. The possible explanation here is 

that the LPS concentration used in our second cohort was lower than that in the report of 

Leirisalo et al. These authors found no significant difference after incubation of 

monocytes with a 10 fold higher concentration of LPS (10 ng/ml) either, whereas 10 

μg/ml LPS showed a significant difference [17]. However, circulating concentrations of 

LPS in the range of μg/ml are never seen, whereas 1 ng/ml LPS is a much more 

biologically relevant concentration. Furthermore, we show here that in vivo 

administration of cholesterol synthesis inhibitors does not alter production of TNFa, 

IL-la, IL-lß, IL-lra and IL-6 by PBMC. This is in part in contrast with the results of 

Terkeltaub et al. [23], who demonstrated that addition of HMG-CoA reductase 

inhibitors suppressed IL-6 production by THP-1 cells. However, the LPS concentration 

used was a 100 fold higher than the concentration used in our experiments. On the other 

hand, Leirisalo et al, who investigated the in-vivo effect of cholesterol lowering on TNF 

production by PBMC, still did not find any effect at LPS concentrations as high as 10 

μg/ml [17]. Cholesterol synthesis inhibitors act mainly in the liver, where the activity of 

the enzyme HMG-CoA reductase is inhibited by about 90% [29,30]. Therefore, in-vivo 

administration of a hypolipidemic drag could be different from in-vitro incubation of 

monocytes with these inhibitors. 

In the present study no effect of hypercholesterolemia on the expression of the LPS-

receptors CD14 and CD11/CD18 was demonstrated. Depending on the endotoxin 

concentration present in circulation, either CD14-dependent or CD1 l/CD18-dependent 

mechanisms are important for LPS-induced cytokine production [31, 32]. CD 14 and the 

ß2-integrins are also important adhesion molecules contributing to the adherence of 
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monocytes and T-lymphocytes to endothelium and vascular smooth muscle cells [33, 

34], processes which are very important in the development of atherosclerosis. Our 

finding that CD 14 and CD11/CD18 did not change are in accordance with our results on 

cytokine production capacity, because any difference in receptor expression would 

imply an altered cytokine profile after LPS stimulation. If, however, expression of 

CD 14 and the ß2-integrins would have been elevated, this could have been an additional 

factor for the increased rate of atherosclerosis in hypercholesterolemic patients. 

Currently, we are investigating the bindingcapacity of lymphocytes from heterozygous 

FH patients to ICAM-1 and E-selectin, to examine whether increased activation rather 

than enhanced expression of adhesion molecules may be involved in atherosclerosis. 
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ABSTRACT 

Recent studies have suggested the use of lipoproteins as an adjuvant treatment of lethal 

Gram-negative infections. However, other important microorganisms for the ethiology of 

sepsis such as Candida species grow better in lipid-rich enviroments. We investigated the 

effect of hyperlipoproteinemia on systemic candidiasis in low-density-lipoprotein receptor 

deficient mice (LDLR-/-) in which the loss of the receptor results in a 7 to 9-fold higher 

plasma LDL than their wild-type littermates (C57B1/6J). The LDLR-/- mice died earlier 

and the outgrowth of C. albicans in the kidneys and liver of LDLR-/- mice was signifi

cantly higher when compared with controls. After infection, circulating cytokine 

concentrations were significantly higher in LDLR-/- mice. In vitro, C. albicans grew better 

in plasma of LDLR-/- mice than in control plasma, and peritoneal macrophages of LDLR-

/- mice challenged with heat-killed C. albicans produced more cytokines than controls. 

This latter phenomenon was probably due to an increased binding of the yeast to the 

macrophages of LDLR-/- mice. These data suggest that hyperlipoproteinemia is 

deleterious in systemic candidiasis. 
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INTRODUCTION 

Acute disseminated candidiasis is a life-threatening condition occurring predominantly in 

immunocompromised hosts. The mortality rate associated with disseminated candidiasis is 

high (31), and the incidence of the disease has increased in the recent years (1,3). £L 

albicans now ranks number 4 among the organisms most frequently isolated from blood 

cultures in the U.S. (1). Clinically, systemic candidiasis sometimes mimicks Gram-

negative sepsis. Viable Candida and its cell-wall constituents are able to induce synthesis 

of proinflammatory cytokines in vitro (13,14,18), similar to Gram-negative bacteria and 

their lipopolysaccharide (LPS) component (23). However, the role of these cytokines in 

systemic candidiasis is probably beneficial rather than deleterious (20,26). In contrast, the 

induction of pro-inflammatory cytokines such as interleukin-1 (IL-1) a and ß and tumor 

necrosis factor a (TNF) merely is a deleterious event in Gram-negative sepsis (4), and 

treatment aimed to block cytokine action has proved beneficial in various experimental 

models (2,27,30). In sepsis in humans, anti-cytokine strategies have not been successful 

so far. This is the reason why several recent studies focus on the capacity of lipoproteins in 

the circulation to bind and neutralize LPS, and subsequently inhibit cytokine production. 

Preincubation of LPS with lipoproteins prior to injection into animals decreased the 

mortality after LPS injection (28). Moreover, the in vivo infusion of lipoproteins markedly 

reduced the cytokinemia and mortality after LPS administration (11). Transgenic mice that 

express human apolipoprotein A-l at high levels and have elevated plasma HDL 

concentrations are protected against LPS challenge (17). Furthermore, low-density-

lipoprotein receptor deficient mice (LDLR-/-), in which the LDL plasma concentration is 

increased 7-9 times (12), were significantly protected not only against lethal endotoxemia, 

but also against lethal Klebsiella pneumoniae infection (21). In addition, infusion of 

lipoproteins in rats protected the animals against the mortality due to Gram-negative 

bacterial sepsis in a model of cecal ligation and puncture (24). Taken together, these 

experiments demonstrate the capacity of lipoproteins to neutralize LPS and support their 

potential use as adjuvants in the therapy of sepsis. 
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On the other hand, earlier in-vitro studies performed when lipid-containing parenteral 

solutions were introduced for clinical use suggested that certain microorganisms such as 

С albicans and Staphylococcus aureus grew better in a lipid-rich environment (5, 9,16). 

Therefore, it would be important to know the effect of hyperlipoproteinemia on the 

outcome of a systemic infection with these organisms, before suggesting the application of 

infusion with lipoproteins as an adjuvant therapy in sepsis. In the present study, we have 

assessed the influence of hyperlipoproteinemia on experimental systemic candidiasis 

using LDLR-/- mice. 

METHODS 

Animals. Homozygous C57B1/6J mice lacking low density lipoprotein receptors (LDLR-/-

) and wild-type littermates were obtained from the Jacksons Laboratory (Bar Harbour, 

ME) as mating pairs, and bred in our local facility. For the experiments, 6-8 weeks old 

mice, weighing 20-25 g, were used. The animals were fed standard laboratory chow (Hope 

Farms, Woerden, the Netherlands) and housed under specific pathogen-free conditions. 

The experiments were approved by the ethical committee on animal experiments of the 

Catholic University Nijmegen. 

Candida albicans infection. C. albicans (strain UC820), maintained on agar slants at 4°C, 

was inoculated into 100 mL Sabouraud broth and cultured for 24 h at 37°C. After three 

washes with pyrogen-free saline by centrifugation at 1,500 χ g, the number of yeast cells 

was counted in a hemacytometer; occasional strings of two or more yeasts were counted 

as one C. albicans CFU. The suspension was diluted to the appropriate concentration with 

pyrogen-free saline. The viability of the yeasts was at least 98%, as confirmed by plating 

serial dilutions on Sabouraud dextrose agar plates. Mice were injected i.v. into the 

retroorbital plexus with 1 χ 10б or 1 χ IO7 CFU of С. albicans. Survival was assessed daily 

for 14 days, in groups of at least 15 animals. In separate groups, after 4 hours, 1 day and 3 

days subgroups of 5 mice were killed by cervical dislocation and blood was collected for 
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the measurement of plasma cytokine concentrations. The outgrowth of the microorga

nisms from the liver, spleen and kidneys of the animals was quantified on days 1 and 3 

after the injection of C. albicans. For this purpose, the organs were removed aseptically, 

weighed, and homogenized in sterile saline in a tissue grinder. The number of viable С 

albicans cells in the tissues was determined by plating serial dilutions on Sabouraud 

dextrose agar plates as described previously (15), and CFU were counted after overnight 

incubation at 37°C. The results were expressed as the log CFU per gram of tissue. 

Table I. Plasma cholesterol and triglyceride (TG) concentrations (mmol/L) before and 4h 

after С albicans infection in LDLR-/- and C57B1/6J mice. 

Before 

infection 

After 

infection 

LDLR-/-

Cholesterol 

9.55 ± 

1.11* 

6.76 ± 

0.92 * § 

TG 

1.25 ± 

0.33* 

0.58 ± 

0.05 § 

C57B1/6J 

Cholesterol 

2.25 ± 

0.45 

1.84 ± 

0.09 § 

TG 

0.65 ± 

0.12 

0.49 ± 

0.11 

LDLR-/- and control mice were infected i.v. with 1x10 CFU of C. albicans. Each figure 

represents mean + SD of 5 mice. 

*p<0.01 for comparison between LDLR-/- and controls. 

§p<0.05 for comparison between levels before and after C. albicans infection. 
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Ex-vivo cytokine production. Resident peritoneal macrophages were harvested by rinsing 

the peritoneal cavity aseptically with cold PBS containing 0.38% (w/v) sodium citrate. 

After centrifugation, cells were resuspended in RPMI1640 (Dutch modification; Flow 

Laboratories, Irvine, UK), containing 1 raM pyruvate, 2 mM L-glutamine and 100 mg/ml 

gentamicin, and incubated for lh at 37CC (105/well) in 96-wells microtiter plates (Costar 

Corporation, Cambridge, MA). The non-adherent cells were discarded and the remaining 

cell population consisted of more than 90% macrophages, as assessed by light 

microscopy. Heat-killed C. albicans (30 min, 100°C) was washed three times in RPMI 

(final concentration 2x10 CFU/ml). Two hundred ml of suspension containing 106 

microorganisms in RPMI were added to peritoneal macrophages and incubated at 37CC. 

After 24h, the supematants were collected and stored at -70°C until assay. To the 

remaining macrophages, 200 ml RPMI 1640 was added, and the cells were disrupted by 

three freeze-thaw cycles to determine the cell-associated cytokine contents. The samples 

were stored at -70°C until assay. 

Cytokine measurements. TNFa, IL-la and IL-Iß concentrations were determined using 

specific radioimmunoassays (RIAs) developed in our laboratory, as previously described 

(21). 

C. albicans binding studies. C. albicans was radioiodinated according to the iodogen 

method (8) with minor modifications. Briefly, 1x10 C. albicans in 50 mM phosphate 

buffer (pH 7.2) were incubated in a iodogen-coated vial (20mg/100ml) in the presence of 

300 mCi of Na125I (specific activity 15 mCi/mg; Amersham, Bucks, UK) in a total volume 

of 100 ml. Following 15 min of incubation, the suspension was washed three times with 

phosphate buffered saline and resuspended in RPMI 1640 containing 1 mM of pyruvate, 2 

mM of L-glutamine and 100 mg/mL of gentamicin (labelling efficiency: 45%). Peritoneal 

macrophages from LDLR-/- and control mice were collected as described above. 

Macrophages (2x10 ) were incubated with 10 CFU of radioiodinated C. albicans in a total 

volume of 200 ml of RPMI 1640 at 37°C, in 96-wells microtiter plates. After 5 min, 15 
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min and 30 min, the supernatant was discarded and the radioactivity associated with the 

adherent cells was measured by a gamma-counter. Non-specific binding was determined 

in wells in which Candida was incubated in the absence of macrophages. Total binding of 

C.albicans to macrophages (including both specific binding to receptors and non-specific 

binding through membrane hydrophobicity or other non-specific interactions) was 

determined by extracting the binding of C. albicans to the plastic from the total counts. 

Growth of Candida in vitro. To investigate whether the growth of C. albicans is similar in 

the plasma of LDLR-/- and control mice, 2x10 CFU of C. albicans were incubated in 

plasma obtained from LDLR-/- or control mice diluted 50% with Sabouraud broth in 10 

ml glass tubes (Hospidex, Nieuwkoop, The Netherlands), in a final volume of 2 mL. After 

12 h and 24 h of incubation at 37°C, aliquots of 0.1 ml were removed, serial dilutions 

were plated on Sabouraud agar, and CFU were counted after overnight incubation at 37°C. 

Adherence of C.albicans to the tubes was checked and found to be less than 1% of the 

total counts. 

Determination of plasma lipids. Cholesterol and triglycerides were determined by 

enzymatic methods on a Hitachi 747 analyser. 

Statistical analysis. Survival curves in control and LDLR-/- mice were compared by 

Kaplan-Meyer log rank test. Differences in concentrations of cytokines and in organ 

counts of the microorganisms were analyzed using the Mann-Whitney U test. Differences 

were considered significant at p<0.05. All the experiments were performed at least twice. 

RESULTS 

Candida albicans infection. Plasma cholesterol concentrations decreased significantly 

during C. albicans infection in both mouse strains (p<0.05), but remained 3-4 times higher 
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in LDLR-/- mice than in control mice (p<0.01) (Table I). Initial plasma triglycerides in the 

LDLR-/- mice were 2-times higher when compared with controls (p<0.01). Four hours 

after the infection triglycerides decreased significantly in the LDLR-/- mice (p<0.05) and 

only marginally in the control animals (p>0.05) (Table I). The triglyceride levels 4 h after 

the C. albicans infection did not differ significantly between the 2 mouse strains (pX).05) 

(Table I). After i.V. injection of either 10 or 10 CFU of C. albicans. LDLR-/- mice died 

significantly earlier compared with control animals (p<0.05) (Fig.l). 

100Q—Q 

ra 
> 

Έ 
Э 
CO 

14 days 

Figure 1. Survival during С albicans infection. LDLR-/- mice (closed symbols) infected 

with either lxlO7 (triangles) or 1x10 (circles) CFU of C. albicans died significantly 

earlier compared with C57B1/6J mice (open symbols) (p<0.05). 
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One day after infection with 1 χ IO6 of С, albicans, the outgrowth of yeasts in the kidneys 

of the LDLR-/- mice was significantly higher compared with controls, while 3 days after 

infection outgrowth of C. albicans was increased both in the kidneys and liver of LDLR-/-

mice (Table II) No difference in the outgrowth of С albicans in the spleen was detected 

between the two mouse strains (Table П) 

Table II Outgrowth of Candida in the organs of LDLR-/- and control mice after ι ν 

infection with 1x10 CFU of C. albicans 

LDLR-/- Controls 

Kidney dayl 6 3 ± 0 5 * 5 9 ± 0 2 

day3 7 4 ± 0 3 § 6 8 ± 0 3 

Liver dayl 4 8 ± 0 3 4 8 ± 0 1 

day3 5 2 ± 0 2 § 4 9 ± 0 1 

Spleen dayl 4 9 ± 0 2 5 1 ± 0 2 

day3 51 ± 0 5 5 0 ± 0 2 

Figures represent mean ± SD of log CFU/gram of tissue -pooled data from 2 experiments 

with 10 animals/group each (*p<0 01, §p<0 05) 
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Four hours after infection, TNFa plasma concentrations were below detection limit, while 

IL-la concentrations were higher in LDLR-/- mice when compared with controls (140 + 

22 pg/ml vs. 78 ± 48 pg/ml, p<0.05). Circulating IL-lß concentrations were similar in 

both strains (56 ± 29 vs. 37 ± 28 pg/ml, p>0.05). TNFa plasma concentrations were signi

ficantly higher in LDLR-/- mice when compared with control animals both 24 h (42 ± 5 

vs. 18 ± 4 pg/ml, p<0.01) and 72 h (302 ± 237 vs. 98 ± 58 pg/ml, p<0.02) after the 

infection (Fig.2). No differences in IL-la and IL-lß plasma concentrations were observed 

at these time points (Fig.2). 

4h 24h 

TNF-oc 

72h 4h 24h 

ІЫос 

72h 4h 24h 

IL-1B 
72h 

Figure 2. In vivo cytokine concentrations during C. albicans infection. Circulating 

concentrations of proinflammatory cytokines in control mice (open bars) and LDLR-/-

mice (grey bars) 4, 24 and 72 hours after injection of IxlO6 CFU C. albicans. *p<0.05 
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In-vitro cytokine production. We investigated the capacity of the peritoneal macrophages 

of both mouse strains to produce cytokines when stimulated in-vitro with heat-killed £L 

albicans. Compared with controls, TNFa concentrations in the supernatants from 

macrophages of LDLR-/- mice were significantly higher (Fig.3a). IL-la and IL-lß 

concentrations were only marginally increased (Fig.3a). Cell-associated IL-la was 

significantly increased in macrophages of LDLR-/- mice, while cell-associated TNFa and 

IL-lß did not differ between the two mouse strains (Fig.3b). 

Candida albicans binding. To investigate the total binding of С albicans to macrophages 

from the two mouse strains, we incubated radioiodinated Candida with macrophages (5:1 

ratio) and determined the amounts bound to macrophages after 5,10 and 30 min. of 

incubation. The binding of the yeasts to macrophages of LDLR-/- mice was increased and 

more rapid when compared to control macrophages (Fig.4). 

Growth of Candida albicans in vitro. To investigate whether the outgrowth of С albicans 

in the organs of LDLR-/- mice is due to enhanced growth of the yeast in a lipoprotein-rich 

environment, we compared the in-vitro growth of 1 χ 10 CFU of C. albicans in plasma 

(diluted 1:1 with Sabouraud medium) of LDLR-/- mice and controls. The capacity of 

LDLR-/- plasma to inhibit the outgrowth of C. albicans was decreased when compared 

with that of control plasma, as shown by the growth ofC. albicans in the two types of 

plasma after 12 h (7.2 ± 2.4 χ IO3 CFU/ml vs. 2.4 ± 1.5 χ IO1 CFU/ml, p<0.05) and 24 h 

(4.2 ± 1.6 χ IO3 CFU/ml vs. 1.5 ± 1.0 χ IO3 CFU/ml, p<0.04) of incubation. 

DISCUSSION 

The main conclusion from the present study is that hyperlipoproteinemia has deleterious 

effects on the outcome of severe C. albicans infection, in contrast to Gram-negative 

bacterial infections. We have shown that LDL receptor knock-out mice, with 7-9 times 

higher LDL levels, are more susceptible to С albicans infection when compared with 



266 Chapter 15 

800 г 
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600 

TNF-α IL-1a IL-1B 

Figure 3. In vitro cytokine production capacity of peritoneal macrophages. In-vitro 

production of secreted (Fig.3a) and cell-associated (Fig.3b) cytokines by peritoneal 

macrophages of control (open bars) and LDLR-/- (grey bars) mice, stimulated with heat-

killed С albans (2x107 CFU/mL). *p<0.05 
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Figure 4. С. albicans binding to peritoneal macrophages. Peritoneal macrophages of 

control (open circles) and LDLR-/- (closed circles) mice were incubated with radioiodina-

ted C. albicans (1:5 ratio of macrophages to C. albicans^. *p<0.05 

their wild-type littermates. The earlier mortality in the LDLR-/- mice was associated with 

an incresed outgrowth of C. albicans in their organs, and these mice produced significantly 

more proinflammatory cytokines than the control mice. 
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In general, mortality to infection may be due to lethal cytokinemia or to functional 

impairment by growth of the microorganisms in the organs of the animal. The increased 

susceptibility of LDLR-/- mice to Candida is likely to be due to the latter mechanism, 

because C. albicans did not induce an impressive cytokinemia. The hypothesis that the 

cytokines are not responsible for the death of animals during C. albicans infection is in 

agreement with studies showing that stimulation of neutrophils and macrophages by TNF 

and IL-1 enhances their capability to kill Candida (6,29), whereas anti-TNF antibodies 

(26) or pharmacologic inhibition of proinflammatory cytokines proved to be deleterious 

during severe C. albicans infection (20). Thus, the proinflammatory cytokines seem to 

play a beneficial rather than a deleterious role in the defense against C. albicans. It should 

be noted that despite the greater cytokine response, the LDLR-/- mice were not protected 

against С albicans infection, probably due to overwhelming outgrowth of the yeast in 

their organs. 

It may be hypothesized that the enhanced outgrowth of C. albicans in the organs of 

LDLR-/- mice is due to the elevated lipoprotein concentrations. Normal serum has a 

candidicidal effect (22) and, as shown by the in-vitro growth experiments, this property 

was significantly decreased in LDLR-/- mice plasma. This effect may be due to the use of 

lipoproteins as a nutrition factor by С albicans, as has been suggested by earlier studies 

showing increased growth of C. albicans in lipid-containing parenteral solutions when 

compared with formulations without lipid content (5,9,16). Another possible mechanism 

by which lipoproteins could influence C. albicans growth is the interaction with other 

plasma factors. We cannot exclude that plasma candidicidal factors as platelet 

microbicidal protein (32) or the calprotectin complex (19) may be bound and inactivated 

by lipoproteins. 

The higher cytokine concentrations during infection in LDLR-/- mice, when compared 

with controls, are probably at least in part a response of the host against the enhanced 

Candida outgrowth in the organs of LDLR-/- mice. However, surprisingly, when 
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stimulated in vitro with heat-killed C. albicans, macrophages of LDLR-/- mice produced 

significantly more TNFa and IL-la than macrophages of control mice did Most likely, 

this is due to the observed increased binding of C. albicans to macrophages of LDLR-/-

mice as compared with control macrophages This phenomenon may be explained by an 

influence of the constitutively increased lipoprotein concentrations in LDLR-/- mice on 

the Candida-binding proteins on the macrophages It has been shown previously that 

hypercholesterolemia is able to modify the number and the clustering of other receptors 

such as the LPS-receptor CD 14 (7,25) Earlier, we have observed similar higher binding 

of radiolabelled LPS to macrophages of LDLR-/- mice, followed by higher cytokine 

production (21) Thus, similar changes in number and/or clustering of Candida-binding 

proteins may facilitate the binding of С albicans to macrophages of LDLR-/- mice, with a 

subsequent increase of the cytokine production Hyperlipoproteinemia could also modify 

the hydrophobicity of the cells, which may also influence the adherence of Candida to the 

macrophages, as has been shown for endothelial cells (10) Which of these mechanisms is 

responsible for the observed increase in cytokine production by macrophages of LDLR-/-

mice is presently under study 

An alternative desirable expenment to our model in order to investigate the influence of 

hyperlipoproteinemia in C. albicans infection would have been to infuse lipoproteins into 

animals before and during infection However, infusion of lipoproteins into mice is not 

possible to be done, while other models of lipoprotein infusion in rabbits (11) or rats (24) 

are short-time models not suitable for sustained lipid infusion during a systemic 

candidiasis Therefore, the genetically modified mouse model is a good alternative to 

study in vivo effects of hyperlipoproteinemia m models of sustained infection 

In conclusion, hyperlipoproteinemia has deletenous effects on the course of acute 

dissemmated С albicans infection, in contrast to its beneficial effect in Gram-negative 

infection Although there are no epidemiological studies done to show a relationship 

between hyperlipoproteinemia and increased susceptibility to C. albicans, infusion of 

lipoproteins into a patient with disseminated candidiasis under the presumptive diagnosis 
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of Gram-negative sepsis may prove deleterious. These divergent effects of 

hyperlipoproteinemia should be taken into account when suppletion of lipoproteins is 

considered as an adjuvant for the treatment of sepsis. 
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Abstract 

Infusion of reconstituted high-density lipoproteins (rHDL) has been suggested as an 

adjunctive therapy to Gram-negative sepsis, but no data are available on its possible 

effects in systemic candidiasis. The effect of rHDL infusion into volunteers on the 

growth of Candida albicans has been studied. While administration of 60 mg/kg rHDL 

had no effects, C. albicans growth was 10 to 100-fold higher in the plasma of volunteers 

infused with 100 mg/kg rHDL than in plasma collected before infusion. In vitro, the 

isolated lipoprotein subfractions had a potentiating effect on C. albicans growth. These 

data suggest potential adverse effects of rHDL if infused into patients with systemic 

candidiasis. Systemic candidiasis should be excluded when rHDL infusion is considered 

into patients with sepsis. 
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Despite the availability of new and potent antibiotics, mortality from Gram-negative 

bacterial sepsis has remained constant in the last 30-40 years 1. The lipopolysaccharide 

(LPS) component of the Gram-negative bacterial cell wall mediates most of the 

inflammatory actions induced by these microorganisms, and conceptually, its 

neutralization could have beneficial effects on the outcome. Recent studies have applied 

reconstituted high-density lipoproteins (rHDL) for binding and neutralization of LPS. It 

has been shown that rHDL administered to animals protect against lethal endotoxemia 2 

and Gram-negative sepsis 3. In addition, its infusion into humans down-modulates the 

inflammatory reaction induced by LPS 4. Because of these effects, it has been suggested 

to use rHDL infusion as an adjunctive therapy in Gram-negative sepsis. However, sepsis 

can be caused by a variety of microorganisms, including Gram-negative bacteria, Gram-

positive bacteria, as well as fungi, and on clinical grounds it is often impossible to 

distinguish between these causes. Therefore, it is important to know whether rHDL 

infusion would affect the course of sepsis due to microorganisms other than Gram-

negative bacteria. 

Acute disseminated candidiasis is a serious infection of which the incidence has 

increased at least 10-fold during the last decade 5. We have recently shown that 

hypercholesterolemia in low-density lipoprotein (LDL) receptor deficient mice 

increases the susceptibility of these animals to systemic candidiasis ". In addition, 

earlier studies have demonstrated that С albicans grows better in lipid-containing 

emulsions used for parenteral feeding when compared with standard preparations '"". 

These data suggest that a lipid-rich environment promotes C. albicans growth and this 

could be a serious drawback for empirical rHDL treatment. For the present study we 

asked the question whether rHDL infusion into human volunteers leads to increased 

candidal growth. In addition, we investigated whether freshly isolated human 

lipoproteins promote the growth of Candida albicans in vitro, and whether Candida 

albicans grows better in plasma of hyperlipoproteinemic mice than in control plasma. 
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Materials and Methods 

Infusion of rHDL into human volunteers. Pooled plasma samples from healthy 

volunteers who had received an infusion with rHDL were kindly provided by dr.Jan Eva 

Doran and dr.Alphonse Hübsch (ZLB Central Laboratory, Bern, Switzerland). One 

group of volunteers received an intravenous infusion of 60 mg/kg rHDL over a 4h time 

period, and a second group received 100 mg/kg rHDL during the 4h infusion period. 

Blood samples were collected just before the infusion (time Oh), and 4,12, and 24h after 

the start of the infusion. 

Isolation of the lipoprotein subclasses. LPS-free very-low-density lipoproteins (VLDL, 

final cholesterol concentration 0.9 mmol/L), low-density lipoproteins (LDL, 2.0 

mmol/L cholesterol) and HDL (0.5 mmol/L cholesterol) lipoprotein subclasses, as well 

as lipoprotein-deficient plasma (LPDP) (<0.1 mmol/L cholesterol) were isolated from 

fresh EDTA-plasma by sequential ulrracentrifugation, from healthy volunteers who did 

not receive rHDL infusion, as described earlier Ю. Lipoproteins were dialyzed for 24 h 

against 0.05 mM phosphate buffer, pH=7.4, containing 5 mM EDTA/L, with one 

exchange of the buffer. 

Animals. Homozygous C56B1/6J mice lacking LDL receptors (LDLR-/-) and wild-type 

littermates were obtained from the Jackson Laboratory (Bar Harbor, ME) as mating 

pairs, and bred in our local facility. Blood was collected from 6-8 weeks old mice on 

EDTA, and plasma was obtained for the use in Candida growth experiments. LPDP 

from LDLR-/- and control animals was prepared by ulrracentrifugation, as described 

above. 

C. albicans growth in vitro. C. albicans (ATCC 10231) was grown in the pooled plasma 

of rHDL-infused volunteers, as well as in the various lipoprotein sub fractions or 

lipoprotein-depleted plasma from untreated volunteers, after 1:1 dilution in Sabouraud 

broth with 2% glucose. Similarly, C. albicans was grown in a 1:1 mixture of Sabouraud 
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broth with murine lipoprotein subfractions or lipoprotein-depleted murine plasma. After 

24 and 48h of incubation at 37°C, aliquots of 40μ1 were plated (Wasp spiral plater, DW 

Scientific Ltd, Shipley, UK) on sabouraud dextrose agar. After another 24h of 

incubation at 37°C, the colonies were counted and the growth was expressed as the 

logarithm of colony forming units per ml (log CFU/ml). The comparison between 

groups was performed using the Kruskall-Wallis test. 

Results 

Growth of C. albicans in plasma of volunteers infused with rHDL. The total cholesterol 

and HDL concentrations in the group receiving 60 mg/kg rHDL increased from a basal 

level of 3.87 and 0.95 mmol/L respectively, to 4.63 and 1.03 mmol/L at the end of the 

4h infusion interval, to 4.72 and 1.32 mmol/L at 12h and to 4.30 and 1.58 mmol/L at 

24h after the start of the infusion, respectively. The total cholesterol and HDL 

concentrations in the group receiving 100 mg/kg rHDL increased from 3.58 and 1.12 

mmol/L respectively, to 4.38 and 1.30 mmol/L at the end of the 4h infusion interval, to 

5.00 and 1.60 mmol/L at 12h and to 4.50 and 2.33 mmol/L at 24h after the start of the 

infusion, respectively. 

The control growth is represented by the growth of С albicans in plasma obtained from 

volunteers before the start of rHDL infusion (time Oh, Fig.l). Infusion of 60 mg/kg 

rHDL had no effect on the growth of C. albicans (not shown). In contrast, С albicans 

grew better in plasma obtained after infusion of 100 mg/kg rHDL (Fig.l). The number 

of С albicans CFU grown in plasma obtained 24h after rHDL infusion was 

approximately 100-fold greater than that grown in control plasma. A similar increase in 

С albicans growth was seen after infusion of 125 mg/kg rHDL (not shown). 
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Figure 1. Growth of С albicans in plasma of volunteers before and after a 4h infusion 
with rHDL. Plasma was collected from volunteers before (t=0h) and 4,12 or 24h after 
infusion with 100 mg/kg rHDL. Candida grew better in the plasma of volunteers after 
administration of 100 mg/kg rHDL, both after 24 (a) and 48h (b) of culture. 
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Figure 2. In vitro growth of C. albicans in the presence of lipoproteins, a. Candida 
albicans grows better in freshly isolated VLDL, LDL or HDL (1:1 diluted in Sabouraud 
broth) than in lipoprotein depleted plasma (LPDP). b. C. albicans grows significantly 
better in lipoprotein-depleted plasma from LDLR-/- than in that from control mice. 
Each point represents means ± SD of 5 experiments. *p<0.05 
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Growth of С. albicans in freshly isolated human lipoprotein subclasses. As shown in 

Figure 2a, C. albicans grew better in the lipoprotein emulsions from normal human 

donors than in lipoprotein-depleted plasma. 

Growth of С albicans in plasma from hyperlipoproteinemic LDLR-/- mice. In contrast 

to plasma collected from human volunteers, murine plasma inhibited the growth of 

Candida in vitro. However, this growth inhibition was significantly reduced in plasma 

from LDLR-/- mice 6 . After 12 h of incubation of 104 CFU С albicans in LDLR-/-

plasma the log CFU/ml was 3.7 ± 1.1 vs 3.2 ± 0.9 in control plasma, and after 24h 

incubation 3.4 ±1.3 vs. 3.0 + 0.7 (p<0.05). To discern whether this effect is due to the 

use of lipoproteins as nutrients or to the binding and neutralization of a candidicidal 

factor by lipoproteins, we compared the growth curves of C. albicans in lipoprotein-

depleted plasma from hyperlipoproteinemic and normal mice. Candida grew 

significantly better in lipoprotein-depleted plasma from LDLR-/- mice than in 

lipoprotein-deficient plasma from the LDLR+/+ littermates, although both subfractions 

contained similar amounts of lipoproteins (<0.01 mmol/L cholesterol) after the 

depletion procedure (Fig.2b). This suggests that a candidicidal factor may be bound to 

lipoproteins and extracted together with lipoproteins during the lipoprotein-depletion 

procedure. 

Discussion 

The results of the present study show that rHDL infusion (at 100 mg/kg or more) 

increases the growth of С albicans in the plasma of human volunteers by 10 to 100-

fold, compared to the basal growth curve in their plasma collected before rHDL 

administration. In contrast, there is no difference in the growth of C. albicans in plasma 

before and after infusion of a moderate amount of rHDL (60 mg/kg). C. albicans growth 
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was increased in the presence of freshly isolated human lipoprotein subfractions and in 

hyperlipoproteinemic plasma from LDLR-/- mice. 

At least two different mechanisms seem to be responsible for the observed effects. First 

of all, in agreement with other reports showing increased growth of C. albicans in lipid 

emulsions used for parenteral feeding 7,8.9> lipids themselves seem to promote the 

growth of Candida. Cholesterol may act as a nutrient for C. albicans, as has been 

demonstrated for other microorganisms 11. Because rHDL consists of phospholipids 

and recombinant apoA-I without cholesterol, the better effects of rHDL later after 

infusion than immediately after the initial 4h infusion time are explained by the time 

needed for the rHDL to extract cholesterol from cell membranes and other lipoprotein 

subfractions in order to form natural HDL particles after infusion 2. Indeed, the total 

cholesterol and HDL concentrations were found to be higher 12h and 24h after the start 

of the infusion, than at the end of the 4h infusion interval. 

Secondly, since the growth of C. albicans was enhanced in lipoprotein depleted plasma 

of hyperlipoproteinemic mice, binding and neutralization of candidicidal factors such as 

sphingosine 12, platelet microbicidal protein 13 o r the calprotectin complex 14 by 

lipoproteins could account for a part of the growth promoting effect. Although no 

lipoproteins were present in lipoprotein-depleted plasma isolated from either LDLR-/-

or normal mice, C. albicans growth was significantly increased in LDLR-/- lipoprotein-

depleted plasma from which 5-fold more lipoproteins had been extracted. This suggests 

that indeed a candidicidal factor associates with lipoproteins, and due to this binding, 

the candidicidal effects of plasma may decrease. Association of an antimicrobial factor 

with HDL has been previously reported for Staphylococcus aureus 15, and this may also 

represent a source for the differences observed between HDL and VLDL, despite the 

higher cholesterol content in the VLDL subfraction (Fig.2a). 



284 Chapter 16 

Infusion of rHDL as adjunctive therapy for Gram-negative infections is currently under 

investigation in clinical trials. Although infusion with a moderate rHDL regimen (60 

mg/kg) seems to have no significant effects on Candida growth, higher quantities of 

rHDL strongly potentiate C. albicans growth. This suggests that rHDL may have 

significant adverse effects when erroneously infused into patients with systemic 

candidiasis, and candidiasis should be excluded when infusion with rHDL into patients 

with sepsis is considered. 
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Summary 

Cytokine production induced via CD14-dependent and CD14-independent pathways was 

investigated in mouse peritoneal macrophages incubated with lipopolysaccharide (LPS) 

or lipid A. Different LPS receptors appear to be responsible for production of tumor 

necrosis factor α (TNFa) and interleukin-1 (IL-l)ct and ß. TNFa production is 

essentially CD14-dependent both in the presence or absence of plasma. In the presence 

of plasma, endotoxin-induced IL-1 production is mediated by CD14-dependent mecha

nisms, while in its absence both CD14-dependent and CD14-independent pathways are 

involved. Lipid A stimulates cytokine synthesis through both CD14-dependent and -

independent mechanisms, but its action is weaker than that of LPS, indicating that the 

polysaccharide moiety may be necessary for proper stimulation of mouse macrophages 

by endotoxin. 
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Introduction 

The major pathogenetic mechanism implicated in the development of Gram-negative 

septic shock is the release of proinflammatory cytokines, such as tumor necrosis factor-

ex (TNFa) and interleukin-1 (IL-1) α and β, from host cells triggered by the 

lipopolysaccharide (LPS) component of Gram-negative bacteria ('). When LPS enters 

into the circulation, complex interactions with cells, lipoproteins and various plasma 

proteins determine the subsequent cytokine response. Several LPS-binding proteins have 

been described on the cell membrane ( ), but only a few seem to be involved in signal 

transduction. Of the few LPS-receptors that have been shown to induce an intracellular 

signal upon binding of LPS, CD 14 is by far the most important (3). It has been shown 

that transfer of LPS to CD 14 on the membrane is mediated by a specific plasma protein: 

LPS-binding protein (LBP) (3). Although phospholipid transfer protein (PTP) has also 

been shown to transfer LPS between micelles and to lipoproteins, no transfer of LPS to 

CD 14 by PTP has been demonstrated (4). A soluble form of CD 14 mediates LPS-

stimulation of cells which do not express membrane-CD14 ( ). Moreover, LBP and 

sCD14 are also involved in the transfer of LPS to lipoprotein particles, and this leads to 

neutralization of LPS (5 б). Other putative LPS-receptors, such as ß2-integrins (7,e), L--

selectin ( ), macrophage scavenger receptors (2) and a newly described 216 kDa 

membrane protein (10) have also been described, but their role is secondary to CD 14 

and less well understood. 

Despite the fact that many studies have focused on the relative importance of CD 14-

dependent and CD14-independent stimulation of cytokine production by LPS, a number 

of controversial issues are still present. While several investigators have shown that 

CD14-dependent mechanisms are crucial for LPS binding to monocytes after short 

incubation periods (11,12), this does not preclude the involvement of CD14-independent 

pathways in cell activation after longer preincubation times, especially with high LPS 

concentrations. This is strenghtened by reports of cytokine production by macrophages 

from CD14 knock-out (CD 14-/-) mice exposed to large amounts of LPS (1314). 
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Moreover, in the latter studies it has become apparent that differential expression and/or 

release of TNFa, IL-lß, IL-6 and IP-10 is induced by various concentrations of LPS in 

CD14-/- macrophages, suggesting that CD14-dependent and -independent pathways may 

be differentially involved in the induction of different cytokines. 

It is also unclear which component of LPS is responsible for its binding to CD14. While 

lipid A has been shown to be the bioactive component of LPS (15) and to mediate LPS 

binding to CD14 (16), it is controversial whether binding to cells and stimulation of 

cytokine production by lipid A is equally (n) or less (1819) strong than by LPS stimulati

on, and whether the polysaccharide component of LPS is necessary for optimal binding 

and stimulation of the cells. 

The aim of the present study is to assess the relative role of CD14 and other putative 

LPS receptors in the differential production of TNFa, IL-la and IL-lß by murine 

macrophages. The importance of membrane-bound CD 14 (mCD14) for cell activation 

was investigated by stimulation of cells pretreated with phosphatidylinositol-specific 

phospholipase С (PLC) which removes CD14 ( n ) . The role of LBP and soluble CD14 

(sCD14) was assessed by stimulation of cells with LPS in the presence or absence of 

plasma as a source of LBP and sCD14, and the role of lipid A moiety was studied by 

stimulation of cells with diphosphoryl lipid A in the same conditions as decribed above. 

Materials and Methods 

Reagents. LPS (Escherichia coli serotype 055:B5), diphosphoril lipid A and 

phophatidylinositol-specific phospholipase С were obtained from Sigma Chemical Co. 

(St. Louis, MO). 
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Animals. C57B1/6J mice were obtained from the Jackson Lab. (Bar Harbour, ME). For 

the experiments, 6-8 weeks old mice, weighing 20-25 g, were used. The animals were 

fed standard laboratory chow (Hope Farms, Woerden, The Netherlands) and housed 

under specific pathogen-free conditions. The experiments were approved by the ethical 

committee on animal experiments of the Catholic University Nijmegen. 

Stimulation of murine macropahges. Resident peritoneal macrophages were harvested 

by rinsing the peritoneal cavity aseptically with cold PBS containing 0.38% (w/v) 

sodium citrate. After centrifugation for 10 min, 1500 g, at 4°C, cells were resuspended 

in RPMI1640 DM (Flow Laboratories, Irvine, UK), containing 1 mM pyruvate, 2 mM 

L-glutamine and 100 μg/ml gentamicin. 105 cells/well were cultured in 96-well 

microtiter plates (Costar Corporation, Cambridge, MA) in RPMI medium (final volume 

200 μΐ), with or without stimulus. Stimulation of cells was performed with LPS or lipid 

A at concentrations indicated, either in the absence of plasma or in the presence of 5% 

fresh mouse EDTA-plasma (as a source of LBP). The superna tants were collected after 

24 h of incubation at 37°C, and stored at -70°C until assay. To the remaining macrop

hages, 200 μΐ of RPMI 1640 was added, and the cells were disrupted by three freeze-

thaw cycles to determine the cell-associated cytokine contents. The samples were stored 

at -70°C until cytokine measurements. To study the role of the CD14-receptor in the 

LPS- or lipid Α-induced cytokine production by macrophages, enzymatic removal of 

CD14 with 0.5 U of phospholipase C/well was performed for 1 h at 37°C, followed by 

washing of cells, which removes more than 98% of the membrane CD14 ( n ) . 

Cytokine assays. TNFct, IL-la and IL-lß concentrations were determined using specific 

radioimmunoassays (RIAs), as described previously CT Secreted TNFa and IL-lßl 

and cell-associated IL-la concentrations are presented in the Results section. Cell-

associated TNFa, IL-lß and secreted IL-la accounted for less than 10% of total 

production (data not shown). Detection limits were 40 pg/ml for TNFa and 20 pg/ml 

for IL-la and IL-lß. Net production was calculated by substracting the cytokine 

concentrations in the absence of stimulus from the stimulated production. The 
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experiments were performed 3 times and similar results were obtained in all the 

experiments. Results of one representative experiment are shown in the figures. 

Results 

In Table I we have summarized the various experimental conditions, in terms of the 

three major variables influencing the LPS-induced cytokine production: membrane 

CD14 (mCD14), soluble CD14 (sCD14) and LBP (Table Γ). This was the basis for the 

various experiments reported in the present study. 

Table I. Experimental conditions used in the present studies. Murine peritoneal 

macrophages were stimulated in 96-well plates with LPS or lipid A (LA) in the presence 

or absence of plasma, containing soluble CD14 (sCD14) and LPS-bindind protein 

(LBP). The membrane-bound CD14 (mCD14) was removed by phospholipase С (PLC). 

mCD14 sCD14 LBP 

LPS (LA) + plasma + + + 

LPS (LA) + plasma + PLC - + + 

LPS (LA) - plasma + 

LPS (LA) - plasma + PLC 

Stimulation of macrophages with LPS. Stimulation of the murine macrophages with 

LPS, in the presence or after removal of CD14 is presented in Fig. 1. Removal of 

mCD14 strongly reduces TNF production induced by endotoxin, in both the presence or 

absence of plasma (Fig. la). The importance of LBP for stimulation of TNF is 

underlined by the higher production of the cytokine when plasma is present in the 
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system (Fig.l). In the presence of plasma, stimulation of IL-Ια and IL-lß is CD14-

dependent, as shown by the strong inhibition when mCD14 was removed with PLC 

(Fig. lb and lc). In contrast, in the absence of plasma, CD14-independent mechanisms 

appear to be involved, as shown by lack of effect with PLC-treatment (Fig. lb and c). 

Stimulation of macrophages with lipid A. Stimulation of murine macrophages with lipid 

A is less potent than LPS-stimulation for the induction of proinflammatory cytokines 

(Fig.2). In contrast with the endotoxin stimulation, plasma has an inhibitory effect on 

the activation of cells by lipid A (Fig.2). Although removal of mCD14 significantly 

inhibits the lipid Α-induced production of all 3 cytokines, residual production of all 

cytokines after phospholipase С treatment suggest also involvement of CD 14-

independent pathways (Fig.2). 

Discussion 

In the present study we have shown that the role of CD14 differs for the production of 

TNFcc on the one hand, and IL-Ια and IL-lß on the other. TNFa stimulation is largely 

CD14-dependent, both at low (1 ng/ml) and high (100 ng/ml) LPS concentrations. This 

conclusion is based on the strong inhibition of TNFa synthesis by removal of mCD14 

with PLC. It is important to underline that PLC removes all the GPI-linked molecules 

from the cell surface, and the existence in addition to CD14 of another LPS receptor 

among them cannot be excluded. However, there are no data describing such a 

molecule, and it is most probable that the effect of PLC treatment is due to shedding of 

CD14 from the membrane. The remaining TNFa synthesis after mCD14 removal in the 

presence of plasma can be atributed to LBP and sCD14 from plasma, since TNFa 

release was further decreased in the absence of these factors. Residual TNFa synthesis 

due to CD14-independent mechanisms at high LPS concentrations is marginal (Fig. la: 

stimulation without plasma after removal of mCD14). These results are sustained by 

previous studies showing strong dependence of TNFa production on CD14-mediated 
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pathways (11,13). The lack of CD14 expression in knock-out mice leads to almost 

complete absence of TNF production after endotoxin stimulation, and protection of the 

mice from LPS toxicity (13). 

In contrast, induction of IL-la and IL-lß by LPS seems to be dependent on a dual 

mechanism. In the presence of plasma, stimulation of these cytokines is CD14-

dependent, as shown by the strong inhibition when mCD14 was removed with PLC. 

However, in the absence of plasma, CD14-independent mechanisms appear to be 

involved, as shown by the lack of effect with PLC-treatment. The role of CD 14-

independent mechanisms for stimulation of cytokines was recently underscored by 

Perera et al., who showed that IL-lß and TNFcc mRNA expression by CD14-/-

macrophages is decreased when stimulated with low LPS concentrations, but is 

paradoxically increased when stimulation was performed with high amounts of LPS (14). 

However, release of TNFa at these high LPS concentrations was not increased (14), 

implying that signals through CD 14 are necessary for the efficient translation and/or 

secretion of TNFa. In their study, Perera and colleagues do not provide data about IL-

lß release at these high endotoxin concentrations (14). On the other hand, Haziot and 

colleagues reported high IL-6 production by CD 14-/- mice challenged with large 

amounts of LPS (13). It has been suggested that this IL-6 production is not secondary to 

TNFa, since no TNFa peak was found (13). A possible mechanism responsible for this 

induction of IL-6 may be through stimulation of IL-1 production via CD14-independent 

mechanisms, and this hypothesis is sustained by our data. Several additional LPS 

receptors may be involved in the CD14-independent stimulation of IL-1, including the 

B2-integrins (7'8), L-selectin (*), macrophage scavenger receptors (2) and a newly descri

bed 216 kDa membrane protein (10). However, from these LPS-binding proteins, 

intracellular signals and NF-kB activation after LPS binding was demonstrated only for 

the CD1 lc/CD18 molecule (8), indicating it as a main candidate for the CD14-indepen-

dent signalling by endotoxin. 
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It has been suggested that the bioactive component of LPS is lipid A (15), which can 

both mediate binding of LPS to CD14 (16) and stimulate cytokine production (17). 

However, in our studies, lipid A was less potent in stimulating cytokine production than 

LPS. Our results are sustained by some of the previous studies (1819), although others 

sustained equal potency of lipid A and LPS (n) . Differences in the lipid A preparations 

and the stimulation system used may account for some of the differences in these 

studies. Surprisingly, the presence of plasma in the stimulation assay inhibited lipid A-

induced cytokine production. This argues for different interactions of LPS and lipid A 

with the various plasma factors. The fate of LPS and lipid A after entering the 

circulation is determined by interactions with lipoproteins which are able to bind and 

neutralize them (21). A possible explanation for the inhibition of lipid A stimulation of 

cytokines by plasma may reside in the transfer of lipid A to plasma lipoproteins in a 

more efficient way than its transfer to cells, in contrast to LPS which would be 

preferentially transferred to the cells. However, this remains to be demonstrated. 

Once lipid A binds to macrophages, both CD14-dependent and CD14-independent 

mechanisms are responible for cytokine stimulation, as shown by residual cytokine synt

hesis after CD14 removal, even in the case of TNF production. This suggests that, 

although lipid A can stimulate cytokines and is probably necessary for LPS stimulation 

of cells, its structure does not allow similar interactions with the LPS-receptors as in the 

case of LPS. This results in lower cytokine stimulation compared to LPS, and argues 

that lipid A is not sufficient to achieve optimal induction of cytokine synthesis, as has 

also been previously suggested (22). More has to be done in order to discern the relative 

importance of the various receptors for lipid A stimulation of cytokines. 
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Abstract 

Interleukin-ΐα (IL-la) and IL-Iß are proinflammatory cytokines involved in the 

pathogenesis of many infectious and non-infectious inflammatory diseases. To reduce the 

consequences of IL-1 effects, extracellular domains of the IL-1 receptor (sIL-lR) shed 

from cell membranes and prevent triggering of cell bound receptors. We investigated to 

what extent murine sIL-lRI can neutralize the IL-1 produced by lipopolysaccaride (LPS)-

stimulated macrophages. When mouse peritoneal macrophages were incubated with LPS, 

addition of sIL-lRI significantly inhibited the bioactivity of IL-1. Stimulation of cells with 

sIL-lRI alone induced no bioactive IL-1. When immunoreactive cytokine concentrations 

were measured with specific radioimmunoassays, sIL-lRI alone induced a significant 

release of IL-la in a concentration-dependent manner. This effect was independent of new 

protein synthesis. The production of IL-Iß or TNFa was not influenced by sIL-lRI. There 

was no interference of sIL-lRI with the IL-la radioimmunoassay. In mice, an i.v. 

injection of sIL-RI alone induced a rapid release of IL-la, but not of TNFa or IL-lß. 

Treatment of mice with sIL-lRI improved the survival during a lethal infection with 

Candida albicans. In conclusion, sIL-lRI induces a rapid release of IL-la from cells, as 

well as into the systemic circulation. Although this IL-la may be inactivated in circulation 

by the same sIL-lRI, this phenomenon probably has immunostimulatory effects at local 

levels where the sIL-lRI-induced IL-la acts in a paracrine or autocrine manner. 
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Introduction 

Interleukin-la (IL-la) and IL-Iß are proinflammatory cytokines which play a central role 

in the regulation of inflammatory reactions occuring during severe infections ( ). When 

infused in animals, IL-1 causes a syndrome resembling sepsis, with fever, increased 

vascular permeability, hypotension, multiple organ failure and eventually death ( ). In 

humans, IL-1 infusion is accompanied by fever, chills, hypotension and production of IL-

6 ( ). These effects are potentiated by concomitant administration of tumor necrosis 

factor-α (TNFa), another main proinflammatory mediator in sepsis ( ). Inhibition of IL-1 

or TNF production with pharmacological agents Ç), or blockade of membrane IL-1 

receptors with IL-1 receptor antagonist (TL-lRa) ( ,6) in experimental models of lethal 

endotoxemia results in protection of the animals. These experimental data have indicated 

that IL-1 inhibition might be a potential therapeutic approach in severe infections. 

For IL-IRa to work, high levels are needed to block all receptors on relevant cells. This 

requires large amounts of IL-IRa, since only 1% of IL-IRs need to be occupied to induce 

a signal ('). In contrast, neutralizing IL-1 is easier because IL-1 concentrations during 

diseases are in the pM range (relatively small amounts of IL-1 are produced in disease). 

Therefore, usage of soluble receptors acting like neutralizing antibodies can prove more 

succes fill. 

Soluble IL-1 receptors are naturally occurring regulatory proteins that influence the 

biological activities of IL-1. Type I IL-1 receptor (IL-IRI) is found on most cells and it 

appears to mediate all the IL-1 actions ( ). In contrast, type II IL-1 receptor (IL-1RII) has 

no signalling function and is considered to act as a "decoy" receptor ( ). Soluble 

recombinant forms of IL-1 RI (sIL-lRI) have been developed and their binding 

characteristics to IL-1 are similar to those of membrane IL-1 RI ( ). Administration of sIL-

1RI in vivo improves the survival of heart allografts ( ), protects from experimental 

autoimmune diabetes ( ) , improves the severity of active arthritis (' ') and autoimmune 

encephalomyelitis (' ). A recent study by Preas et al. has shown that sIL-lRI 
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administration in human volunteers is able to diminish some of the inflammatory effects 

of lipopolysaccharide (LPS) such as IL-Iß induction, while it has stimulatory effects on 

TNFa and IL-8 synthesis (13). 

Despite the data indicating sIL-lRI as a potential modulatory agent of IL-1-mediated 

pathways, few data is available about the mechanisms responsible for these effects, or the 

possible direct proinflammatory actions of sIL-lRI, as suggested by the study of Preas and 

colleagues (,3). The aim of the present study was to assess the capacity of a recombinant 

murine sIL-lRI to bind and neutralize bioactive IL-1, and to investigate the possible 

stimulatory effects of sIL-lRI on cytokine synthesis by murine cells. 

Methods 

Materials. Recombinant murine soluble IL-1 receptor type I (sIL-lRI) was generously 

provided by dr.M.B.Widmer (Immunex Corp., USA). Recombinant IL-la was a gift of 

dr.P.Lomedico (Hoffmann-LaRoche, Nutley, NJ) and recombinant IL-lß a gift of 

dr.P.Graber (Glaxo, Geneva, Switzerland). LPS (Escherichia coli serotype 055:B5) and 

cycloheximide were obtained from Sigma Chemical Co. (St. Louis, MO). IL-la and IL-lß 

were radioiodinated as previously described ( ). 

^I-IL-l binding to rIL-lRI. The in vitro binding of IL-1 with the soluble IL-1 RI was 

investigated using high-performance liquid chromathography (HPLC). The elution profile 

of 125I-IL-la on a Shodex KW-802.5 column with a MW range of 100-50,000 daltons 

(8x300 mm; Millipore, Milford, MA) was determined before and after incubation with 

sIL-lRI. I25I-IL-la (100 ng/ml) was incubated with sIL-lRI (10 ug/ml) in phosphate 

buffer saline for 15 min at room temperature). 100 mM phosphate buffer, pH 6.8 was used 

as the elution buffer. The flow rate was 0.5 ml/min. 
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Animals. CBA mice were obtained from Jackson Laboratories (Bar Haibour, ME). For the 

experiments, 6-8 weeks old mice, weighing 20-25 g, were used. The animals were fed 

standard laboratory chow (Hope Farms, Woerden, The Netherlands) and housed under 

specific pathogen-free conditions. The experiments were approved by the ethical 

committee on animal experiments of the Catholic University Nijmegen. 

Ex-vivo cytokine production. Resident peritoneal macrophages were harvested by rinsing 

the peritoneal cavity aseptically with cold PBS containing 0.38% (w/v) sodium citrate. 

After centrifugation for 10 min, 500 g, at 4°C, cells were resuspended in RPMI1640 DM 

(Flow Laboratories, Irvine, UK), containing 5% normal mouse serum, 1 mM pyruvate, 2 

mM L-glutamine and 100 μg/ml gentamicin. 105 cells/well were cultured in 96-well 

microtiter plates (Costar Corporation, Cambridge, MA) in RPMI medium (final volume 

200 μΐ), with or without LPS (1 ng/ml) and/or sIL-lRI (10 ng/ml, unless indicated 

otherwise). Supematants were collected after 24 h of incubation at 37°C, and stored at -

70°C until assay. To the remaining macrophages, 200 μΐ RPMI 1640 was added, and the 

cells were disrupted by three freeze-thaw cycles to determine the cell-associated cytokine 

contents. The samples were stored at -70°C until cytokine measurements. 

To test whether the detection of cytokines in the presence of sIL-lRI is due to an artefact 

in the radioimmunoassay, due to the presence of sIL-lRI in the medium, we coated the 

bottom of the wells with sIL-lRI (by overnight incubation at 4°C with 1 μg/ml). After 

blockage of non-specific binding with 2% BSA and three vigourous washes with sterile 

PBS, 105 peritoneal macrophages were added to each well, and LPS stimulation was 

performed for 24h at 37°C. Control wells were precoated with 2% BSA. The samples 

were collected and stored as described above. 

In separate experiments, we investigated whether stimulation of cytokines by sIL-lRI is 

dependent on new protein synthesis. Mouse peritoneal macrophages were collected and 

stimulated with sIL-lRI as described above, in the absence or in the presence of 

cycloheximide (1 μg/ml) ( ). 
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All the in-vitro experiments used peritoneal macrophages from 10 animals and were 

performed at least twice. 

In vivo stimulation of cytokine production. Groups of CBA mice were injected 

intraperitoneally (i.p.) with LPS (10 ц^тоиве), sIL-lRl (2 μ^ηκηκε) or a combination 

of both. The kinetics of IL-la, IL-Iß and TNFa production was studied by collecting the 

blood in EDTA, from the retroorbital plexus of separate subgroups of 5 mice before, and 

30 min, 90 min and 4h after the challenge with LPS and/or sIL-lRI, for determination of 

plasma cytokine concentration. 

The influence of sIL-lRI on IL-1 distribution and clearance in vivo. Groups of mice were 

treated with either 2 μg/ml sIL-lRI i.p. or saline, immediately before i.v infusion of 10 

цСі radioiodinated IL-la or IL-lß in 0.2 ml saline. Five min, 15 min, 30 min, Ih, 6h, and 

24h later, subgroups of 5 animals were sacrificed and the distribution and clearance of 
1 5I-IL-1 was compared in the sIL-lRI-treated and control mice, by measuring the 

percentages of the injected dose in the blood, liver, spleen, kidneys, thymus and lungs. 

The effect of sIL-lRI treatment on Candida albicans infection. It has been previously 

shown that infection with С albicans can be beneficially influenced by treatment with IL-

1 ( ). To investigate whether the induction of IL-la release by sIL-lRI may have 

beneficial effects on the course of murine candidiasis, groups of 15 CBA mice were 

treated with either 2 μg/ml sIL-lRI i.p. or saline, immediately before the mice were 

infected i.v with 10s or 5xl05 CFU С albicans (strain UC 820) (,7). From both control and 

treated mice, 5 animals were sacrificed on day 1 after the infection, and the circulating 

cytokine concentrations were measured in plasma. In the remaining 10 mice/group, 

survival was assessed daily for 4 weeks. 

Cytokine measurements. IL-1 bioactivity was determined using the murine thymoma cell 

line EL-4 NOB-1 (ECACC, Porton Down, Salisbury, UK) as an IL-1 specific cell -
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producing IL-2 response, in combination with the IL-2-sensitive CTLL-2 cells (ECACC) 

( ). TNFa, IL-la and IL-Iß immunoreactive concentrations were determined using 

specific fluid phase radioimmunoassays (RIAs), as described previously (19). Detection 

limits were 40 pg/ml for TNFa and 20 pg/ml for IL-la and IL-lß. Control experiments 

were performed to determine whether sIL-lRI alters the cytokine RIA standard curve. 

When added to the standard cytokine samples used for the calibration of the standard 

curves, sIL-lRI in the range tested (0.1 ng/ml to 1 mg/ml) had no influence on the slope of 

the curve. 

Statistical analysis. Differences between groups were analyzed using the Mann-Whitney 

U-test. Differences were considered significant at p<0.05. 

Results 

sIL-lRI binds and neutralizes LPS-induced bioactive IL-1. Upon in vitro incubation with 

sIL-lRI (0.1 mg/ml) the retention time of 125I-IL-la on the Shodex KW-802.5 gel 

filtration column was reduced from 22 to 16 min, indicating almost complete 

complexation of the radioiodinated IL-la with the sIL-lRI. When mouse peritoneal 

macrophages were incubated with sIL-lRI alone, no bioactive IL-1 could be detected in 

the supernatant. LPS-stimulation led to synthesis of bioactive IL-1 (699 + 588 pg/ml), and 

addition of sIL-lRI (10 ng/ml) was able to significantly reduce this amount (223 ± 105 

pg/ml, p<0.03) (Fig. 1). 
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Figure 1. Effect of sIL-lRI on LPS-induced bioactìve IL-1. Mouse peritoneal 

macrophages (105/well) were incubated with culture medium, sIL-lRI (10 ng/ml), LPS 

(lng/ml), or a combination of both. sIL-lPJ significantly inhibited the IL-1 bioactivity 

after 24h stimulation at 37°C. *p<0.05 

sIL-IRT induces the release of immunoreactive IL-la in vitro. The synthesis and release 

of immunoreactive IL-la, IL-lß and TNFa in response to LPS and/or sIL-lRI stimulation 

was investigated in the same set of experiments. Stimulation of murine macrophages with 

sIL-lRI resulted in high concentrations of IL-la in the supernatant. This release was 2-

fold higher than that observed after LPS stimulation, and the combination of sIL-lRI with 

LPS did not induce more IL-la than sIL-lRI challenge did itself (Fig.2). The effect of 
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sIL-RI on IL-Ια induction was concentration-dependent (Fig.3). Levels of IL-Iß or TNFa 

were unaffected (Fig.2). The concentration of cell-associated cytokines was not influenced 

by the sIL-lRI stimulation (data not shown). 

To exclude interference of sIL-lRI with the radioimmunoassays for IL-la, IL-Iß and/or 

TNFa, standard curves of the RIAs were performed in the presence of various sIL-lRI 

concentrations (0.1 ng/ml to 1 mg/ml). There was no shift induced by sIL-lRI in any of 

the cytokine RIAs (not shown). To further exclude the possibility of artefacts in the IL-la 

assay, we precoated the bottom of the plates with sIL-lRI. After washing the remaining 

sIL-lRI, macrophages were added and incubated. In these culture supematants, significant 

release of IL-la (152 ± 39 vs. 28 ± 8 pg/ml, pO.01) was found again. 

In a separate set of experiments we assessed whether induction of IL-la release by sIL-

1RI is dependent on new protein synthesis. Reducing new protein synthesis with 

cycloheximide (15), did not affect the IL-la release induced by sIL-lRI (192 ± 20 pg/ml in 

the absence, versus 218 + 21 pg/ml in the presence of cycloheximide, p>0.05). This 

finding points to release of preformed IL-la. 

sIL-lRI induces the release of immunoreactive IL-la in vivo. The capacity of sIL-lRI to 

induce IL-la release in vivo was investigated by challenging mice with 2 ц^тоияе sIL-

1RI intraperitoneally. Challenge of mice with the vehicle alone had no stimulatory activity 

on cytokine production. sIL-lRI induced a rapid rise of IL-la concentration in the 

circulation, with a peak already after 30 min (Fig.4a). LPS-induced IL-la had a slower 

kinetics, and LPS induced lower IL-la concentrations (Fig.4a). No induction of IL-lß 

(Fig.4b) or TNFa (Fig.4c) by sIL-lRI challenge was apparent. 
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In two separate experiments we investigated whether sIL-lRI influenced the distribution 

of radiolabelled IL-Ια or IL-lß to the organs or their clearance from blood. 

Radioiodinated IL-la or IL-lß was injected in mice pretreated with placebo or sIL-lRI. 

The distribution of radiolabclled cytokines to liver, spleen, kidneys, lungs and thymus was 

not influenced by sIL-lRI treatment (data not shown). The clearance of radiolabelled IL-

Ια (Fig.5) or IL-lß (data not shown) from the blood was not modified by sIL-lRI 

treatment of the mice. 



1200 

en 
α. 

5000 г С 

4000 

3000 

2000 

1000 

LPS+ 
SIL-1RI 

30m 90m 4h 

Figure 4 sIL-lRl injection liberates IL-lu in \ι\ο m mice *p< 0 Oí 



Soluble IL-IRI induces IL-la 315 

Φ 
(/) 
O 
-o 
φ 
υ 
Φ 

cu 
SI 
Q. 

C\l 

24h 

Figure 5. Effect of sIL-lRI on IL-la distribution and clearance. Groups of mice were 

treated with either 2 μ^ηιΐ sIL-lRI i.p. or placebo, immediately before 0.2 ug (specific 

activity 10 цСіЛ^) radioiodinated IL-la were infused intravenously in 0.2 ml saline. No 
125T influence of sIL-lRI on the clearance of I-IL-la was apparent. 

The effect of sIL-lRI treatment on a lethal C. albicans infection. While none of the mice 

infected with 105 CFU C. albicans died (not shown), all the control mice infected with 

5x10 CFU C. albicans died during the first 10 days of infection. Treatment of mice with 

sIL-lRI significantly prolonged the survival of the mice infected with the high innoculum 
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of Candida (Fig.6). The IL-la concentrations one day after infection with С albicans was 

higher in mice treated with sIL-lRI than in mice receiving placebo (290 ± 70 vs. 110 + 40 

pg/ml, p<0.05). 

Discussion 

The results presented in this study confirm that sIL-lRI is able to bind and inactivate the 

bioactive IL-1 produced in response to LPS stimulation. Unexpectedly, sIL-lRI on its 

own also has a remarkable proinflammatory effect by inducing the release of preformed 

IL-la, both in vitro and in vivo. The potential importance of this effect is illustrated by the 

beneficial effects of sIL-lRI administration on the course of murine disseminated 

candidiasis, an experimental infection in which IL-1 has protective effects. 

IL-la and IL-Iß play a central role in the generalized inflammatory response, which for 

instance, occurs during severe infections ( ). Anti-IL-1 strategies in experimental models 

of septic shock have proven beneficial Ç' '), suugesting IL-1 modulation as a potential 

therapeutic target in sepsis. An important natural mechanism for reducing cytokine effects 

is accomplished by shedding of the extracellular domains of their receptors. Soluble TNF-

and IL-4-receptors have been shown to antagonize cell-signalling by competing for ligand 

binding with membrane receptors (20ai). Shedding of IL-1RI or IL-1RII from the 

membrane has divergent actions. On one hand sIL-RI can bind and neutralize bioactive 

IL-1, while on the other hand higher sIL-lRI concentrations can lead to IL-IRa 

neutralization thereby indirectly agonizing IL-1 effects (' ). In contrast, siL-lRTI binds to 

IL-lß with much higher avidity than to IL-la or IL-Іга, having strong antagonistic effects 

on IL-1 action ( ). 

It is well-established that recombinant forms of sIL-lRI have similar IL-1 binding 

characteristics as the membrane-associated form ( ). In our experiments, we confirm that 

the recombinant form of murine sIL-lRI binds to both mouse IL-1 species. When mouse 
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peritoneal macrophages were stimulated with LPS, the IL-1 biological activity of the 

resulting supematants was significantly reduced. Our data are in line with the report of 

Preas et al., who also reported decreased circulating IL-Iß concentrations after sIL-lRl 

treatment of experimental endotoxemia in humans ( ). This inhibition may account for 

the beneficial effects of sIL-lRI treatment in experimental models of autoimmune diabetes 

(10), heart transplantation O, active arthritis (' ') and autoimmune encephalitis (12). 

to 
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120 г 
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Figure 6. Effect of sIL-lRI on lethal C. albicans infection. Groups of CBA mice were 

infected with 5xl05 CFU C. albicans and treated with either placebo or sIL-lRI (2 

μg/mouse). sIL-lRI significantly improved the survival (p<0.05). 
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In contrast to bioactivity, the immunoreactive concentrations of cytokines measured after 

sIL-lRI challenge revealed that a significant enhancement in IL-la release had occured 

(Fig.2a). sIL-lRI exerted this effect in a concentration-dependent manner (Fig.2b). An 

artefact in the immunoassay was excluded by control experiments showing no influence of 

high sIL-lRI concentrations on the RIA standard curves, indicating that our RIA measures 

both free as well as sIL-lRI- complexed IL-1. Moreover, to further exclude artefacts in the 

assay, wells were precoated with sIL-lRI and stimulation of IL-la release by fixed sIL-

1RI was performed. The finding of high IL-la concentrations in these supematants in 

which no sIL-lRI was present proves a true effect of the soluble receptor on IL-la release, 

and demonstrates that this effect of sIL-lRI is not an artefact. Incubation of macrophages 

with sIL-lRI in vitro did not result in elevated IL-Iß or TNFa levels. The stimulatory 

action of sIL-lRI was also investigated in vivo, and the same phenomenon was observed: 

sIL-lRI induced a rapid increase in IL-la concentrations which already reached peak 

elevation 30 min after the administration, without a comparable increase in IL-lß or TNF. 

The rapid kinetics suggests release of "preformed" IL-la from the cells, rather than de 

novo protein synthesis. Indeed, the blockade of protein synthesis with cycloheximide 

showed that IL-la induction by sIL-lRI is independent on de novo protein synthesis. A 

similar rapid release of "preformed" IL-la has been previously reported in rats subjected 

to thermal injury ( ). 

Similar effects of sIL-lRI during experimental endotoxemia in humans have been recently 

reported by others ( ). When administered together with LPS, sIL-lRI induced higher 

levels of C-reactive protein levels and higher peak concentrations of TNFa and IL-8 than 

in placebo-treated volunteers challenged with LPS plus vehicle. It was suggested that 

these effects are at least, in part, due to binding and inactivation of IL-IRa by sIL-lRI ( ). 

Indeed, the levels of IL-1 Ra decreased after sIL-lRI administration, and this was 

associated with a dose-related increase in the sIL-lRI - IL-IRa complexes ( ). However, 

inactivation of IL-IRa was found 3h after LPS administration, while TNFa was induced 

before that, 90 min. after the LPS challenge (3). The hypothesis that at least some of these 

effects are exerted directly by sIL-lRI are supported by our data showing a very rapid 
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release of IL-Ια, with the peak levels already present 30 min after LPS. The differences in 

the recombinant forms of sIL-lRI used, as well as the different models (human or 

murine), may account for the different cytokines induced by sIL-lRI in our study as 

compared to that of Preas and colleagues ( l3). Possible effects of sIL-lRI on distribution 

or clearance of IL-1 in vivo have been excluded by our experiments in which 

radioiodinated IL-la or IL-Iß were infused in mice together with sIL-lRI or placebo. 

The data on neutralization of IL-1 bioactivity suggest that although sIL-lRI induces IL-la 

release, the cytokine is at least in part bound and neutralized by the circulating sIL-lRI 

present in the system. It is therefore unlikely that the released IL-la would exert remote 

effects. However, the rapid release of IL-la from the cells upon sIL-lRI stimulation may 

have important consequences at a local level, where paracrine and/or autocrine actions of 

high local levels of sIL-lRI may be expected. This possibility is enforced by the 

remarcable beneficial effects of sIL-lRI during murine disseminated candidiasis, an 

experimental model in which IL-1 treatment has proven beneficial ( ). This effect is 

probably mediated by stimulation of the infiltrating immune cells at the site of infection. 

Interestingly, one day after the infection, not only IL-la, but also IL-Iß and TNF levels 

were increased. This increase is probably mediated by the same immune activation 

induced by IL-la in the tissues, where macrophages are largely responsible for cytokine 

production. The TNF and IL-Iß in tum may very well have systemic effects, as may have 

the release of TNFa and IL-8 in human endotoxemia in the study of Preas et al ( ). 

It is presently unknown which mechanisms are responsible for the effects of sIL-lRI in 

these models. One hypothesis is that the cleavage of the extracellular IL-1 RI domain 

unmasks a domain with catalytic properties which is able to induce release of IL-la from 

the cell. An alternative stimulatory pathway may involve binding of sIL-lRI to IL-1 R 

accessory protein (IL-lRAcP) through the cell-associated IL-la, process resulting in cell 

stimulation. The minute amounts of IL-Iß synthesized by resting cells may be also 

involved in this bridging process. Indeed, the formation of the IL-lRML-l/IL-lRAcP 

complex is needed for IL-1-induced activation of the cell ( ). IL-lRAcP is necessary for 
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proper IL-1 activation, and coexpression of IL-1 RI and IL-lRAcP correlates with IL-1 

responsiveness ( ). Although stimulation of cells through formation of a sIL-lRI/IL-1/IL-

lRAcP complex has not been reported to date, it is tempting to speculate that this may be 

a new regulatory function of sIL-lRI in vivo, similar to that performed by soluble IL-6 or 

ciliary neurotrophic factor receptors (2 ' ). 

We hypothesized that the cell-associated IL-la necessary for bridging of sIL-lRI to IL-

lRAcP is stimulated by LPS leaking from the gut. However, this did not prove to be the 

case, because sIL-lRI had the same stimulatory activity in germ-free mice in which no 

such leakage occurs (Netea et al, unpublished results). Therefore, even in the absence (or 

reduced) gut flora, there must be IL-la produced which must be constitutive and accesible 

to the blood compartment in a very short time. Alternatively, the IL-la may be bound to 

other plasma proteins and hence "liberated" by sIL-lRI. The IL-la could come from skin 

and epithelium, bind to serum proteins which "cover" the epitopes of the mouse IL-la 

antibody used in the assay. Finally, there is membrane IL-la on the surface of vascular 

endothelium ('). Further experiments are currently performed to elucidate the mechanisms 

responsible for the sIL-lRI effects. 
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Abstract 

The effect of recombinant granulocyte colony-stimulating factor (rG-CSF) on acute 

disseminated Candida albicans infection in nonneutropenic mice was investigated. Mice 

treated with a single dose of rG-CSF showed a significantly reduced mortality (28% vs. 

90%; £ < .001). The outgrowth of C. albicans from the kidneys, spleens, and livers of 

rG-CSF-treated mice was significantly reduced (log cfu/gram of kidney 5.54 vs. 7.13; E 

< .001), as were circulating TNF-a and IL-lß. After rG-CSF, the kidneys showed fewer 

infectious infiltrates, enhanced granulocyte influx, and almost complete absence of 

hyphal outgrowth. During peritoneal C. albicans infection, rG-CSF enhanced influx of 

granulocytes to the site of infection, and exudate granulocytes showed increased oxygen 

radical production. These results indicate that rG-CSF enhances host resistance to 

disseminated candidiasis in nonneutropenic mice through activation of granulocytes and 

their recruitment to the site of infection. 
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Introduction 

Disseminated candidiasis is being recognized with increasing frequency in patients with 

a variety of underlying diseases [1]. Although various new antifungal drugs have been 

developed recently, mortality due to disseminated candidiasis remains high, even in 

nonneutropenic hosts [2]. Therefore, it would be rational to focus on augmentation of 

host defense mechanisms in addition to conventional antifungal therapy [3]. There is 

vast evidence that neutrophils (PMNL) constitute the main mechanism of host defense 

against invasive and disseminated candidiasis [4]. Candida blastospores can be 

phagocytized and killed by phagocytic cells, and PMNL are able to kill Candida 

pseudohyphae and hyphae through both oxidative and non-oxidative mechanisms, even 

without ingesting the latter forms [3]. It is conceivable that augmenting either the 

number of PMNL or their microbicidal capacity will enhance the resistance to 

disseminated candidiasis in nonneutropenic hosts. 

Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic growth factor that 

selectively stimulates the proliferation and maturation of myeloid progenitor cells [5, 6]. 

In addition to its effect on PMNL numbers, G-CSF has been shown to enhance a variety 

of functional properties of PMNL, such as Chemotaxis, expression of cellular adhesion 

molecules, and superoxide production [7, 8]. Previous studies have demonstrated a 

beneficial effect on the course of experimental infection with Candida albicans when 

recombinant (r) G-CSF was administered prophylactically to prevent neutropenia. 

Repeated administration of rG-CSF effectively precludes the development of severe 

cyclophosphamide-induced neutropenia and protects animals against a subsequent lethal 

challenge with C. albicans [9,10]. However, very few data exist on the potential role of 

rG-CSF in disseminated candidiasis or other infections in nonneutropenic animals. In 

the present study, we have investigated the effect of prophylactic and therapeutic 

administration of recombinant murine G-CSF on experimental disseminated C. albicans 

infection in nonneutropenic mice. Thus far, studies have used human recombinant G-

CSF in mice. Since the activity of the human molecule is considered suboptimal in 
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mice, we performed our studies with recombinant murine G-CSF, which has recently 

become available. Furthermore, these studies address the effects on rG-CSF on 

circulating cytokines, the recruitment of PMNL to the site of infection, and on the 

induction of reactive oxygen intermediates during С albicans infection. 

Materials and Methods 

Mice. Specific pathogen-free female CBA/J mice, weighing 20-25 g were used. 

Animals were housed under standard laboratory conditions and fed sterilized laboratory 

chow and water ad libitum. 

Materials. Recombinant murine G-CSF, provided by Amgen (Thousand Oaks, CA), was 

diluted in pyrogen-free saline to a final concentration of 5 μg/ml. С albicans UC820, a 

clinical isolate well-described earlier [11], was maintained on agar slants at 4°C. 

Preliminary experiments had shown that strain UC820 is able to develop hyphae and 

pseudohyphae in vitro as well as in vivo to the same extent as a panel of virulent control 

C. albicans strains did. С albicans UC820 was inoculated into 100 ml of Sabouraud 

broth and cultured for 24 h at 37°C. After three washes with pyrogen-free saline by 

centrifugation at 1500 χ g, the number of yeast cells was counted in a hemacytometer; 

occasional strings of 32 yeasts were counted as 1 cfu of C. albicans. The suspension was 

diluted to the appropriate concentration with pyrogen-free saline. The viability of the 

yeasts was at least 98%, as determined by methylene blue exclusion and confirmed by 

plating serial dilutions onto Sabouraud dextrose agar plates. 

Infection model. Mice were injected intravenously with 5 χ 10^ cfii of C. albicans in 

100 μΐ of pyrogen-free saline. rG-CSF was given as a subcutaneous (sc) injection of 500 

ng (25 μg/kg) in 100 μΐ of pyrogen-free saline at various time points before or during 

infection. Control mice received 100 μΐ of pyrogen-free saline sc. Survival was assessed 

twice daily. Subgroups of animals were anesthetized with ether and killed by cervical 
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dislocation on days 1 or 3 of infection, and blood was collected for the measurement of 

plasma cytokine concentrations. To assess the outgrowth of the microorganisms in the 

liver, spleen and kidneys, the organs were removed aseptically, weighed, and 

homogenized in sterile saline in a tissue grinder. The number of viable C. albicans cells 

in the tissues was determined by plating serial dilutions on Sabouraud dextrose agar 

plates as described previously [12], and cm were counted after overnight incubation at 

37°C. The results were expressed as the log cfu per gram of tissue. From other groups of 

animals, the kidneys and the liver were removed, fixed in buffered formalin (4%), and 

serial sections were examined microscopically after staining with periodic acid-Schiff or 

with hematoxilyn and eosin. To assess the role of PMNL in the rG-CSF-mediated 

protection against disseminated candidiasis, a subgroup of animals was rendered 

granulocytopenic by pretreatment with cyclophosphamide (Bristol-Myers Squibb, 

Weesp, Netherlands): 150 mg/kg of body weight in 100 μΐ of PBS sc 4 days before 

injection of С albicans and 100 mg/kg sc 1 day before as well as on days 1, 3, 5, 7, and 

9 after injection of C. albicans [13]. To investigate the role of PMNL respiratory burst, 

groups of nonneutropenic mice were treated with catalase (Sigma, St. Louis), an 

inhibitor of generation of reactive oxygen intermediates by PMNL, 32,000 U in 100 μΐ 

of pyrogen-free saline intraperitoneally (ip), rG-CSF (500 ng in 100 μΐ of pyrogen-free 

saline sc) or both, 30 min after the injection of C. albicans. The recruitment of 

neutrophils to the site of infection and their activation was investigated after injection of 

10^ cfu of С albicans into the peritoneal cavity of nonneutropenic mice. rG-CSF was 

given as a single sc injection of 500 ng either 24 h before or at the time of infection. 

Four hours after the injection of the microorganisms, the mice were killed, and 

peritoneal cells were harvested by rinsing the peritoneal cavity with cold PBS 

containing 0.38% (w/v) sodium citrate. After centrifugation, cells were counted in a 

hemacytometer, and the percentage of PMNL was determined in Giemsa-stained 

cytocentrifuge preparations. Peritoneal cells were resuspended in PBS for 

chemiluminescence assay. 
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Blood samples. Blood samples (20 μΐ) taken from the retroorbital plexus were collected, 

and the leukocytes were counted in a Coulter Counter (Coulter Electronics, Mijdrecht, 

The Netherlands). The total numbers of granulocytes, lymphocytes, and monocytes per 

cubic millimeter were calculated from the total number of leukocytes per cubic 

millimeter and the differential counts of 200 leukocytes in two Giemsa-stained blood 

smears. 

Cytokine assays. Blood (100 μΐ) was obtained by orbital bleeding into Eppendorf tubes 

containing 2 μg of EDTA. The blood was centrifuged (5 min, 7500 χ ¿), and the plasma 

was pooled and stored at -20_C until assayed for cytokines. Interleukin (IL)-la, ILlfl, 

and tumor necrosis factor (TNF)-a were determined by an RIA as described earlier [14]. 

Chemi luminescence assay. Luminol-enhanced chemiluminescence was used as a 

measure of the respiratory burst as described previously [15]. In brief, peritoneal 

exudate cells were obtained from mice that had received an ip injection of C. albicans 4 

h earlier, and 1 χ 10^ cells were resuspended in 100 μΐ of PBS in polypropylene 

chemiluminescence cuvettes (LKB; Bio-Orbit, Turku, Finland) with 4 mg of opsonized 

zymosan (Sigma) in 100 μΐ of PBS and 700 μΐ of luminol, ΙΟ'4 M (Sigma). 

Chemiluminescence was read at 37°C during 2h with an LKB-Wallac type 1251 

chemiluminometer (Bio-Orbit), and expressed as the total amount of superoxide 

produced during the assay period by integrating the area under the curve (in mV.s) per 

PMNL. 

Statistical analysis. The results obtained for the various treatment groups were analyzed 

by the Mann-Whitney U test and, when appropriate, by analysis of variance. Survival 

curves were analyzed using the Kaplan-Meier log-rank test. For all comparisons, the 

level of significance between groups was set at E < .05. All the experiments were done 

at least twice. 
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Results 

Effect of rG-CSF treatment on acute disseminated candidiasis in nonneutropenic mice. 

After iv injection of 5 χ 10^ С. albicans. 90% of the untreated control animals died 

between days 6 and 8 of infection (Fig. 1). A single iv injection of 500 ng of rG-CSF 1 

day before infection resulted in a significantly increased survival. Only 28% of the G-

CSF-treated animals died (£ < .001), without further mortality during the next weeks of 

100% 
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0% 
8 10 12 14 16 18 20 
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Figure 1. Effect of rG-CSF on survival of mice after iv infection with 5 χ 105 CFU CL 
albicans. Mice (10 animals per group) were injected with a single dose of 500 ng rG-
CSF (open circles) or saline (closed squares) 1 day before infection, or with daily 
injections of 500 ng of rG-CSF from 1 day before infection through day 3 of infection 
(open triangles). Significant difference between controls and treatment groups: Ε <·001. 
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Day 1 

kidney 

Day 3 

liver spleen 

kidney liver spleen 
Figure 2. Outgrowth of C. albicans in the kidneys, spleen and liver of mice after iv 
injection of 5 χ 10^ CFU C. albicans. Mice were injected sc with 500 ng of rG-CSF 
(black bars) or with saline (white bars) on day -1 or with a daily dose of with 500 ng of 
rG-CSF on day -1 through day 3 of infection (grey bars). (*, E < .05; ** E < -001). 
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follow-up. Prolonged treatment of mice with rG-CSF, 500 ng daily from 1 day before 

infection through day 3 of infection, yielded similar results (Fig. 1). As described 

previously [12,16], the main target organ of Candida infection was the kidney, from 

which increasing numbers of C. albicans CFU were cultured during the course of the 

infection, whereas in the spleen and the liver the number of C. albicans cfu decreased 

from day 1 of infection (Fig. 2). A single iv injection of 500 ng of rG-CSF significantly 

reduced the numbers of C. albicans cfu in the kidneys (E < .001) and the spleen (E < 

.01) on day 1 of infection (Fig. 2). On day 3, the numbers of cfu in the kidneys (E < 

.001), spleen (E < 05) and liver (E < .01) of G-CSF-treated animals were significantly 

lower than in controls. Repeated administration of rG-CSF yielded similar results (Fig. 

2). Administration of a lower dose of rG-CSF (200 ng/mouse; 10 μg/kg) had an 

intermediate effect; mortality after 21 days amounted to 40% of the mice that received 

either a single dose of rG-CSF 1 day before infection or repeated doses of 200 ng of rG-

CSF compared with 90% mortality in untreated animals (E < .01). 

Time of administration of rG-CSF. In the model of rapidly lethal infection, the effect of 

a single dose of rG-CSF was greatest when given 24 h before injection of С albicans 

(Table 1). Mice treated with a single dose of 500 ng of rG-CSF 30 min after injection of 

5 χ 10^ cfu of C. albicans showed a reduced 21-day mortality (56%) compared with 

control mice (E < .05). The outgrowth of C. albicans in the kidneys and spleen of mice 

treated with rG-CSF 30 min after infection was significantly lower than in controls on 

day 1 and 3 of infection, although the differences were quantitatively rather small 

(Table 1). When administration of rG-CSF was delayed until 24 h after injection of £L 

albicans, neither a significant effect on mortality (data not shown) nor an effect on the 

outgrowth of microorganisms was found (Table 1). 

Efect of rG-CSF on the histopathology of the kidneys during acute disseminated 

candidiasis. On gross examination, the kidneys of untreated control animals showed 

multiple abscesses at day 3 of infection. Microscopically, numerous infectious foci were 

found in periodic acid-Schiff-stained sections (Fig. 3a), with extensive hyphal 
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outgrowth of C. albicans as well as yeast forms (Fig. 3b). In hematoxilyn-eosin-stained 

sections, relatively few PMNL could be found at these sites (Fig. 3c). In animals that 

had received a single dose of rG-CSF 30 min after infection, the infectious foci were 

less numerous than in controls (Fig. 3d). In rG-CSF-treated animals, the inflammatory 

infiltrates contained larger amounts of PMNL (Fig. 3f), with fewer yeasts present. In 

contrast to untreated controls, candidae were almost completely present in the yeast 

form, and in most infiltrates, hyphae were absent (Fig. 3e). Although administration of a 

single dose of rG-CSF to mice as late as 24 h after infection neither enhanced survival 

of mice nor significantly reduced the number of cfu in their organs, a reduced outgrowth 

of pseudohyphae as well as an enhanced influx of PMNL at the sites of infection was 

seen on microscopic examination (Fig. 3g, h). 

Circulating cytokines during acute disseminated candidiasis in nonneutropenic mice. 

The concentrations of circulating TNF-a and IL-la are shown in Fig. 4. On day 1 of 

infection, TNF-a plasma concentrations were significantly lower in animals that had 

received a single dose of rG-CSF 24 h before infection compared with levels in control 

mice (72 ± 36 pg/ml vs. 252 + 95 pg/ml, p<0.01). On day 3 of infection, circulating 

TNF-a in rG-CSF-treated animals was also lower than in control animals (Fig. 4, E = 

.06). In animals that received repeated injections of rG-CSF on days -1 through +3 of 

infection, circulating TNF-a was also reduced on day 1 (£ < .01) and day 3 (P = .06) of 

infection. Circulating IL-la concentrations were lower in mice treated with rG-CSF than 

in controls on day 1 of infection only, both in animals treated with a single dose of rG-

CSF (E = .07) and in those having received repeated doses (E < .05; Fig. 4). No 

differences in IL-la plasma concentrations were observed on day 3 of infection. 

Circulating concentrations of IL-Iß were below the detection limit in all treatment 

groups (data not shown). 

Effect of rG-CSF on the numbers and function of granulocytes during infection. In 

untreated mice, the mean number of peripheral blood PMNL before infection was 2.1 ± 

0.7 xlO^/l. At the time of injection of С albicans, the number of PMNL was 2.6 ±1.3 
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xl09/l in mice given rG-CSF one day earlier (P_ >0.05). Twenty-four h after injection of 

C. albicans, no significant changes had occurred in the numbers of PMNL in control 

mice (2.5 ± 1.9 xl09/l), mice pretreated with a single dose of rG-CSF (2.6 ± 2.4 xl09/l), 

or mice that had received daily injections of rG-CSF (3.2 ± 2.6 xl09/l, Ρ > .05). On day 

3 of infection, the numbers of PMNL were unchanged in control mice (2.5 ± 0.7 xl09/l) 

and mice that had received a single dose of rG-CSF (2.6 ± 0.6 xl09/l), whereas the 

numbers of PMNL in mice treated with repeated daily doses of 500 ng of rG-CSF were 

significantly increased (5.5 ± 2.4 xl09/l; £ < .005). The mean numbers of blood 

lymphocytes and monocytes did not change significantly during the course of the 

infection in either rG-CSF-treated mice or in controls (data not shown). 

Peritoneal cell exudates harvested from uninfected control mice consisted of >98% 

macrophages, and elicited no detectable chemiluminescence upon stimulation with 

zymosan (data not shown). After intraperitoneal injection of 10^ cfu of C. albicans the 

number of peritoneal PMNL showed a sharp rise to 1.5 ± 0.3 χ 109/1 at 4 h after 

injection. The number of exudate PMNL in mice that had received 500 ng of rG-CSF 1 

day before the infection was significantly higher than that in control mice or in mice 

that had received rG-CSF 4 h earlier (2.6 ± 0.3 χ 109/1 vs. 1.1 ±0.6x 109/1; Ρ < .001). 

The total chemiluminescence as well as the chemiluminescence expressed per exudate 

PMNL were significantly increased in the animals pretreated with rG-CSF 1 day before 

peritoneal infection (0.27 vs. 0.15 mV.s/PMNL; E < .05). 

Treatment of mice with catalase, an inhibitor of reactive oxygen intermediates, 30 min 

after infection, led to increased mortality, the mean survival time being 2.7 days in 

catalase-treated animals and 7.3 days in control mice after injection of 5 χ 10^ cfu of £± 

albicans (P_ < .001). Administration of catalase did not significantly influence the 

outgrowth of Candida cfu in the kidneys (data not shown), but administration of catalase 

simultaneously with rG-CSF completely abrogated the protective effect of rG-CSF on 

mortality and tissue burden of microorganisms, arguing for an effect of rG-CSF through 
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activating PMNL. Survival and outgrowth of Candida did not differ significantly 

between mice treated with catalase alone or with the combination of catalase and G-CSF 

(data not shown). 

Table 1. Effect of the time of administration of a single s.c. injection of 500 ng of rG-

CSF on acute disseminated candidiasis. 

Kidney Liver Spleen 

Treatment group 

day 1 day 3 day 1 day 3 day 1 day 3 

untreated controls 6.32 ±0.19 6.76 ±0.50 4.82 ± 0.23 4.60 ±0.25 4.64 ±0.23 4.55 ± 0.3 

rG-CSF 24 h 

before infection 5.11 ± 5.54 ± 4.66 ±0.09 3.99 ± 4.60 ±0.12 4.07 ± 

0.29t 0.34Î 0.21* 0.19* 

rG-CSF 30 min 

after infection 5.56 ± 6.00 ± 4.70 ±0.14 4.42 ±0.28 4.22 ± 3.98 ± 

0.32t 0.68* 0.26* 0.47* 

rG-CSF 24 h 

after infection 5.96 ±0.39 7.16 ±0.25 4.92 ±0.22 4.88 ±0.37 4.60 ±0.23 4.86 ±0.5 

Data are log colony-forming units (cm) of C. albicans per gram of tissue (mean ± SD 

for 10 animals) assessed on day 1 and day 3 of infection. Mice were injected iv with 5 χ 

10^ cfu of C. albicans. * Significantly lower than in control mice (E < .05). t 

Significantly lower than in control mice (E < .01). 
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Figure 4, Effect of rG-CSF on the concentrations of circulating TNF-a and IL-la 1 day 
and 3 days after iv injection of 5 χ 105 CFU С. albicans. Mice were injected sc with 500 
ng of rG-CSF (black bars) or with saline (white bars) on day -1 or with a daily dose of 
with 500 ng of rG-CSF on day -1 through day 3 of infection (grey bars). (* E < .01). 
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Administration of rG-CSF to neutropenic mice and effects on growth of C. albicans in 

vitro. To investigate whether the observed protective effect of rG-CSF on disseminated 

candidiasis may have been at least in part mediated by mechanisms other than 

recruitment and activation of PMNL, mice received repeated injections of 

cyclophosphamide on alternate days, which has been shown to induce a profound and 

sustained neutropenia [13]. In these animals, rG-CSF was administered as late as at the 

time of infection to preclude an effect on bone marrow recovery. Injection 500 ng of rG-

CSF simultaneously with the injection of 1 χ 10^ cfu of C. albicans had no effect on 

either the numbers of PMNL or the course of infection, the mortality being 100% after 7 

days in rG-CSF-treated mice as well as control mice. There were no differences in the 

outgrowth of C. albicans in the kidneys, spleen, and liver between rG-CSF-treated and 

untreated neutropenic mice (data not shown), indicating that the effect of rG-CSF is 

indeed mediated through PMNL. Incubation of C. albicans in Sabouraud broth with ΙΟ

Ι 000 ng/ml of rG-CSF did not influence the outgrowth of candidae in vitro (data not 

shown). 

Discussion 

The results of the present study show that a single injection of rG-CSF beneficially 

influences the course of potentially lethal acute disseminated candidiasis in 

nonneutropenic mice. Treatment with rG-CSF reduced the mortality and significantly 

decreased the outgrowth of C. albicans in the organs of the animals. Although the low 

dose of rG-CSF that was administered in our study had no effect on the numbers of 

PMNL in the circulation during acute disseminated candidiasis, the histopathology of 

the kidneys showed a noticeable increase in numbers of PMNL at the actual sites of 

infection, indicating that PMNL that were mobilized by rG-CSF were rapidly directed 

to the infected organs. The difference in numbers of PMNL at these sites between 

control mice and rG-CSF-treated animals suggests that the inability to attain a sufficient 
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mobilization of PMNL at the site of infection may be an important determinant of the 

course of invasive candidiasis and that rG-CSF may be able to improve the outcome by 

enhancing PMNL recruitment. G-CSF not only increases the numbers of PMNL, their 

Chemotaxis, and expression of cellular adhesion molecules but also has been shown to 

enhance their microbicidal function in vitro [8,17]. When mice were infected ip with С 

albicans, treatment with rG-CSF not only increased the influx of PMNL to the site of 

infection but also augmented the production of reactive oxygen intermediates by these 

cells, as was demonstrated by the increased chemiluminescence expressed per cell. 

Moreover, catalase, which is an inhibitor of the respiratory burst [18], completely 

abrogated the protective effect of rG-CSF in our model. It has been demonstrated earlier 

that stimulation of PMNL with rG-CSF in vitro is able to augment the intracellular 

killing of C. albicans [19] and to increase the release of reactive oxygen intermediates 

on stimulation with Candida blastospores or pseudohyphae in vitro [20]. 

Although the effect of rG-CSF in this model of acute overwhelming candidiasis was 

maximal when given 24 h before the infection, a significant beneficial effect was also 

found when given 30 min after the injection of the microorganisms. When treatment 

with rG-CSF was begun as late as 24 h after infection, no significant improvement in 

survival was found. Although the actual experiment shown in Table 1 suggests that 

there was a tendency toward increased outgrowth of Candida at day 3 after infection 

when rG-CSF was given 24 h after infection, this trend has not been observed in 

repeated experiments or at other time points. Moreover, the histopathology of the 

infected kidneys suggested a beneficial effect of this treatment schedule on the course of 

infection. It is conceivable that rG-CSF may be effective when given at later time points 

in models of subacute and less overwhelming disseminated candidiasis or when 

combined with antifungal drugs, which is currently under study in our laboratory. 

Although very few data have been published on the application of rG-CSF in 

nonneutropenic animals with infection, several authors have studied the effect of rG-

CSF on disseminated candidiasis in neutropenic animals. In these studies, animals have 
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been rendered neutropenic by relatively low doses of cyclophosphamide and were 

subsequently treated with rG-CSF, leading to at least partial recovery of the numbers of 

PMNL before the microorganisms were injected [10,21-24]. Therefore, in those studies, 

the susceptibility of rG-CSF-treated nonneutropenic mice was compared to that of 

control animals that were still neutropenic at the moment of infection. The results of 

such studies clearly indicate the importance of early PMNL recovery to prevent the 

development of fungal infections. From our experiments, it is clear that rG-CSF does 

not improve survival in the sustained absence of PMNL. These findings are in 

accordance with studies on chronic disseminated candidiasis in rabbits with a persisting 

and profound neutropenia, in which no effect of the administration of rG-CSF was 

found [25]. 

control G-CSF day -1 G-CSF day 0 
* 

ш&®ш 
control G-CSF day -1 G-CSF day 0 

Figure 5. Effect of rG-CSF on the total number of leukocytes (open bars) and PMN 
(closed bars) recruited in the peritoneum after injection of 10 CFU C. albicans, and on 
the chemiluminescence of exudate cells, expressed per PMN. (*p<0.05, **p<0.01). 
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Few studies have been published on the role of rG-CSF in acute or chronic disseminated 

candidiasis in nonneutropenic animals. In one study, rG-CSF had a beneficial effect on 

mortality due to acute candidiasis only when given prophylactically as early a 3 days 

before infection but not when given later or in multiple doses [10]. Others recently have 

reported a beneficial effect on the mean survival time of mice when repeated 

administration of a high dose (50 μg/kg/d) of rG-CSF was begun before infection [26]. 

In similar experimental models, rG-CSF alone was not effective, whereas combination 

therapy with fluconazole or itraconazole, but not amphotericin В or flucytosine, 

appeared to be synergistic, but only when begun before or immediately after infection 

and only when small amounts ofC. albicans were injected [23, 27]. 

In the present study, we have demonstrated a beneficial effect of rG-CSF on survival of 

mice with acute disseminated candidiasis and also in reducing the outgrowth of 

candidae from the target organs and the histopathological damage to the kidneys, as 

well as a beneficial effect on recruitment of PMNL to the site of infection. Remarkably, 

treatment with rG-CSF led to a reduction in the concentration of circulating TNF-a and 

IL-la during the infection, in spite of the increased influx of inflammatory cells at the 

sites of infection. Although G-CSF is capable of directly inhibiting the production of 

TNF-a [28], we have shown earlier that mortality due to acute disseminated candidiasis 

is mediated through outgrowth of the microorganisms leading to organ destruction 

rather than through lethal circulating concentrations of proinflammatory cytokines [29]. 

It may be hypothesized that the reduced cytokine concentrations are at least in part a 

result of the reduced outgrowth of C. albicans in the tissues. 

Other hematopoietic growth factors may as well have a beneficial effect on 

disseminated candidiasis. Granulocyte-macrophage colony-stimulating factor has been 

shown to augment the intracellular killing of C. albicans and to enhance superoxide 

production by PMNL in vitro [19]. Incubation with purified murine macrophage colony-

stimulating factor (M-CSF) inhibits the outgrowth of С albicans in murine peritoneal 

exudate macrophages [30]. Treatment of chronic disseminated candidiasis in rats with 
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гМ-CSF has been shown to reduce the outgrowth of С albicans [31], but others found 

that administration of rM-CSF either before infection or commencing at the moment of 

infection aggravated the course of acute overwhelming candidiasis in mice [32]. 

In conclusion, we have demonstrated a beneficial effect of rG-CSF on acute 

disseminated candidiasis in mice, significantly improving survival and reducing the 

outgrowth of Candida organisms in the tissues as well as the induction of 

proinflammatory cytokines. It is suggested that both activation of candidacidal functions 

of PMNL and their recruitment to the site of infection are the mechanisms through 

which rG-CSF yields its beneficial effect. Further studies should address issues such as 

late onset of treatment after the infection has been well established or effects in subacute 

or chronic rather than acute overwhelming infection. These results provide a strong 

support for double-blind, randomized, phase II trials that are currently being conducted 

to assess the safety and preliminary efficacy of G-CSF in combination with fluconazole 

in treating candidemia in nonneutropenic patients. 
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Abstract 

Patients with severe granulocytopenia are more susceptible to severe infections and sepsis. 

Pro-inflammatory cytokines as tumor necrosis factor-α (TNF), interleukin-1 (IL-la) and 

IL-lß play an important role in the pathophysiology of sepsis. The profile of these pro

inflammatory cytokines after lipopolysccharide (LPS) challenge in cyclophosphamide-

induced neutropenic mice was assessed, and possible mechanisms responsible for the 

modified cytokine production were studied. After LPS, both circulating concentrations of 

TNF and IL-la in neutropenic mice were 50-200% higher than those of controls, while 

IL-lß concentrations were not modified. The kinetics of cytokine production was similar 

in neutropenic and control animals. Susceptibility of neutropenic mice to an LPS 

challenge was increased. The observed overproduction of TNF and IL-la was not due to a 

direct effect of cyclophosphamide treatment. Since circulating concentrations of uric acid 

were increased in the neutropenic mice, the effect of hypouricemic treatment with 

allopurinol and sodium bicarbonate was investigated; such treatment in neutropenic mice 

challenged with LPS was followed by an improved survival and a reduced pro

inflammatory cytokine production towards the concentrations in control mice. 

Hyperuricemia induced by repeated administrations of uric acid in normal mice led to an 

increased TNF production after LPS. In conclusion, neutropenic mice respond with 

enhanced cytokine production and increased susceptibility to an LPS challenge, and 

hyperuricemia probably plays an important role in this phenomenon. 
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Introduction 

Patients with granulocytopenia may develop severe and potentially lethal infections, the 

relation between granulocytopenia and the incidence of infection being well documented 

(1) Interleukin-la (IL-la), IL-Iß and tumor necrosis factor-α (TNF) are pro

inflammatory cytokines which play a central role in the pathophysiology of sepsis (2) 

Circulating concentrations of TNF and IL-1 can be found during sepsis, and clinical 

studies have shown a correlation between the concentration of these cytokines and the 

seventy of disease and a poor outcome (3,4) Treatment with anti-TNF antibodies protects 

against septic shock m experimental Gram-negative bacteremia (5,6) Administration of 

either of the naturally occunng antagonists of IL-1 and TNF, IL-1 receptor antagonist and 

soluble TNF receptors, has been shown to be effective in lethal endotoxemia and in 

models of experimental infection (7-9) Despite of their importance in sepsis and the 

higher incidence of severe infections in neutropenic hosts, little is known about the pro

inflammatory cytokine profile during neutropenia 

In a recent report, increased TNF and IL-Iß serum concentrations in neutropenic children 

with fever have been described (10) Patients with granulocytopenia reportedly had 

increased interleukin-6 serum levels preceding febrile episodes (11) Moreover, in animal 

models, cytokine concentrations during experimental Candida albicans infection were 

higher in neutropenic mice when compared with control animals (12,13), and TNF 

synthesis synthesis was increased in neutropenic animals after endotoxin challenge in vivo 

(14) These data indicate that neutropenic hosts may produce more pro-inflammatory 

cytokines when an infection occurs 

The aim of the present study was to investigate the increased cytokine production in mice 

rendered granulocytopenic by cyclophophamide and challenged with hpopolysacchande 

(LPS), and to reveal the possible mechanisms responsible for this phenomenon We 

investigated whether the cyclophosphamide treatment could have directly influenced the 

cytokine concentrations Neutropenia induced by chemotherapy is often followed by 
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hyperuricemia. Since it is known that urate crystals are able to stimulate the synthesis of 

proinflammatory cytokines (15,16), we tested the hypothesis that the increased uric acid 

concentrations are involved in the increased cytokine synthesis in neutropenic mice. 

Methods 

Animals. Female Swiss mice, 6-8 weeks old, weighing 20-25 g, were obtained from a 

local colony. The animals were fed standard laboratory chow (Hope Farms, Woerden, the 

Netherlands) and housed under specific pathogen-free conditions. The experiments were 

approved by the ethical committee on animal experiments of the Catholic University 

Nijmegen. 

Treatment of mice. Cyclophosphamide was obtained from Bristol-Myers Squibb B.V. 

(Weesp, The Netherlands), allopurinol from Multipharma B.V. (Weesp, The Netherlands), 

and catalase from Sigma Chemical Co (St.Louis, MO). Uric acid and sodium bicarbonate 

were obtained from Boom B.V. (Meppel, the Netherlands). Neutropenia was induced in 

the animals by two subcutaneous (s.c.) injections of cyclophosphamide: 150 mg/kg on day 

-4 (before LPS challenge), and 100 mg/kg on day -1. As described before, in this model of 

neutropenia the neutrophil counts are very low (105/mL) (17). Also the number of 

lymphocytes and monocytes are reduced, but not as strong as for neutrophils. In some 

experiments, mice received allopurinol by gastric instillation (g.i.) at two daily doses of 40 

mg/kg, or sodium bicarbonate by g.i. at 100 mg/kg b.i.d., starting on day -4. Catalase 

(32000 U/mouse) was given intraperitoneally (i.p.) 1 h before LPS challenge. Uric acid 

was administered by g.i. either as a single dose of 300 mg/kg 1 h before LPS, or as 

repeated administration of 300 mg/kg b.i.d. from day -4 to day -1. In all experiments, the 

control groups received 0.9% NaCl as placebo by the same route. 
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Endotoxemia model, Lipopolysacchande (LPS, Escherichia coli serotype 055 B5) was 

obtained from Sigma Groups of normal and neutropenic mice were injected ι ρ with LPS 

(10 mg/mouse) Ninety mm and 4 h afler challenge with LPS, 5 animals from each group 

were anaesthetized with ether and bled from the retroorbital plexus for measurement of 

circulating cytokine concentrations Une acid concentrations were also assessed In a 

separate experiment survival was assessed daily for 7 days in groups of 10 normal and 

neutropenic mice injected with LPS at 1 mg/mouse In additional experiments, normal and 

neutropenic mice were treated with sodium bicarbonate as described above and survival 

was assessed after LPS challenge 

Circulating cytokines. The kinetics of TNF production during endotoxemia was studied in 

normal and neutropenic mice challenged with LPS (10 mg/mouse) Subgroups of 5 mice 

were sacrificed, and plasma concentrations of TNF determined before, and 30 min , 90 

mm, 4 h, and 8 h after the LPS challenge 

In separate experiments, the direct influence of cyclophosphamide on the cytokine 

production was studied by injecting the animals with a single dose of cyclophosphamide 

(150 mg/kg) 1 h before LPS (10 mg/mouse) Also, the influence of allopunnol, catalase, 

sodium bicarbonate and une acid on cytokine production m groups of 5 normal and 

neutropenic mice was studied, by treating the mice with these drugs (as desenbed in detail 

above) before the LPS challenge (10 mg/mouse) 

Ex-vivo cytokine production. Resident pentoneal macrophages of normal and neutropenic 

mice were harvested by nnsing the pentoneal cavity aseptically with cold PBS containing 

0 38% (w/v) sodium citrate After centnfugation for 10 mm at 1800 cpm, 4°C, cells were 

resuspended in RPMI1640 (Dutch modification, Flow Laboratones, Irvine, UK), contai

ning 1 mM pyruvate, 2 mM L-glutamme and 100 mg/ml of gentamicin 10 cells/well 

were cultured in 96-well microliter plates (Costar Corporation, Cambndge, MA) in culture 

medium (final volume 200 ml) at 37°C After 2 hours, the supernatant and the non

adherent cells were discarded and 200 ml medium with or without LPS at a final 
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concentration of 1 mg/ml was added. The supematants were collected after 24 h of 

incubation at 37CC, and stored at -70°C until assay. 

Cytokine measurements. TNFa, IL-la and IL-lß concentrations were determined using 

specific radioimmunoassays (RIAs) developed in our laboratory, as described in detail 

earlier (18). 

Statistical analysis. Differences in concentrations of cytokines were analyzed using the 

Mann-Whitney test, and by ANOVA where appropriate. Survival data were analyzed 

using the Kaplan-Meyer log rank test. Differences were considered significant at p<0.05. 

All experiments were performed at least twice, and employed at least 5 mice/group/time 

point for the plasma cytokine concentrations, and 10 mice/group for survival experiments. 

Data are presented as means ± standard deviation. 

Results 

Cytokine production in neutropenic mice. 90 min after challenge with 10 mg LPS, TNF 

plasma concentrations in neutropenic mice were significantly higher than those of control 

mice (p<0.001 by ANOVA in 5 separate experiments with similar results). A 

representative experiment is shown in fig.la. IL-la concentration was higher 4 hours after 

LPS (p<0.05, fig.la). IL-lß concentrations were below detection limit at 90 min. after the 

LPS challenge, and did not differ between normal and neutropenic animals 4 h after LPS 

(Fig.la). The kinetics of the TNF in response upon LPS challenge was also studied. No 

differences were found between the kinetics of TNF production in normal and neutropenic 

mice (Fig.lb). In both groups, detectable levels of TNF appeared in the circulation 30 min 

after LPS, with a peak at 90 min and a decrease thereafter. 
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Figure 1. (a) Cytokine plasma concentrations 90 min and 4 hours after an LPS challenge 
(10 mg/mouse) in normal (open bars) and neutropenic (closed bars) mice, (b) Kinetics of 
TNF production in normal and neutropenic mice challenged with 10 mg LPS. * p<0.05 
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Ex-vivo cytokine production. To investigate whether the tissue macrophages of 

neutropenic mice are able to produce more cytokines after an LPS challenge than normal 

macrophages, peritoneal macrophages were collected, adjusted to 10 cells/well and 

stimulated with LPS (1 mg/ml) for 24 h at 37°C. Macrophages from neutropenic animals 

secreted significantly more TNF than those of control animals (Fig.2). IL-la production 

by macrophages of neutropenic mice was slighltly, although not significantly, higher. No 

difference in IL-lß production was observed between the two groups (Fig.2). 

500. Π controls 
• neutropenic mice 

TNFa IL-1a IL-1B 

Figure 2. Ex vivo cytokine production capacity of peritoneal macrophages collected from 
normal (open bars) and neutropenic (closed bars) mice stimulated with LPS (1 mg/mL) in 
vitro for 24 h at 37°C. * p<0.05 
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Effect of cyclophosphamide on cytokine production To exclude a direct effect of 

cyclophosphamide on cytokine production, mice were injected with cyclophosphamide 

(150 mg/kg) lh before the LPS challenge Ninety minutes after LPS challenge, the plasma 

concentration of TNF in the cyclophosphamide-treated mice was significantly lower than 

in placebo-treated mice (0 57 ± 0 09 vs 1 78 ± 0 47 ng/ml, p<0 05) No difference in IL-

la concentrations was detected (67 ± 44 vs 82 + 42 pg/ml, p>0 05), while IL-lß 

concentrations were below detection limit in both groups These results indicate that the 

increased cytokine production in neutropenic mice is not due to a direct effect of 

cyclophosphamide 

Modulation of une acid concentrations Normal mice and mice rendered neutropenic by 

cyclophosphamide were pretreated with allopunnol, an inhibitor of xanthine-oxidase 

known to decrease une acid concentration LPS challenge and cytokine measurements 

were performed as desenbed above, and une acid concentrations were determined in all 

mice Une acid concentrations were approximately 3-fold higher in neutropenic mice 

(0 029 ± 0 020 mmol/L, p<0 02) than m controls (0 012 ± 0 004 mmol/L), and were 

restored towards normal values by treatment with allopunnol (0 016 + 0 005 mmol/L) 

(Fig 3) Allopunnol treatment was also able to significantly decrease the TNF 

concentrations in the neutropenic mice (p<0 04) (Fig 4) In normal mice treated with 

allopunnol only a slight decrease in TNF concentration was observed However, 

allopunnol did not reduce the circulating IL-la concentration (Fig 4) 

Since allopunnol is able not only to decrease the une acid concentration, but has also 

antioxidant activities by decreasing the reactive oxigen intermediates (ROI), we 

investigated which of these two effects is involved in the allopunnol-induced modulation 

of cytokine synthesis Therefore, subgroups of normal and neutropenic animals were pre

treated with catalase or sodium bicarbonate Catalase has antioxidant activities by 

scavenging ROI, with no effect on une acid concentration On the other hand, by 

alkalizing the unne and thus increasing the solubility of une acid in unne, sodium 

bicarbonate was able to decrease the une acid concentration in neutropenic animals In this 
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experiment bicarbonate-treated animals had uric acid concentration of 0.030 ± 0.008 

mmol/L, versus 0.055 ± 0.011 mmol/L in the placebo group (p<0.05). As shown in Table 

I, catalase was able to decrease TNF concentration both in normal and neutropenic 

animals, while sodium bicarbonate decreased TNF significantly only in neutropenic 

animals. However, catalase was not able to influence the elevated IL-la concentration in 

neutropenic mice, and even increased IL-la in normal animals. Sodium bicarbonate was 

able to restore the IL-la concentration to normal in neutropenic mice, while having no 

effect in non-neutropenic animals (Table I). These data suggest that the increased uric acid 

concentrations in neutropenic mice are responsible, at least in part, for the observed 

overproduction of proinflammatory cytokines after an LPS challenge. 

2 . 

controls controls neutropenic 
+ urate 

Figure 3. Uric acid concentrations in normal and neutropenic mice, as well as in 
neutropenic mice treated with allopurinol (40 mg twice daily for 4 days). * p<0.05 
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Hyperuricemia in normal animals. Hyperuricemia was induced in normal animals by 

administration of uric acid (300 mg/kg b.i.d.) for 4 days. The uric acid concentration 

increased in treated animals from 0.010 ± 0.004 mmol/L to 0.018 ± 0.005 mmol/L, 

p<0.03. A subgroup of mice received a single dose of uric acid, to discern whether the 

potential effect of uric acid is rapid, or long-lasting hyperuricemia is necessary for the 

activation of tissue macrophages. Whereas the single administration of uric acid did not 

influence the synthesis of TNF 90 min after LPS challenge (1.1 + 0.4 ng/mL vs. 1.5 ± 0.5 

ng/mL, p>0.05), repeated administration of uric acid led to a significant increase in the 

TNF production (2.3 ± 0.9 ng/ml, p<0.02), arguing for an influence of a sustained 

hyperuricemia on cytokine production when mice are challenged with LPS. 

Table I. Circulating TNF and IL-la concentrations 90 min. after LPS (10 mg/mouse) in 

normal and neutropenic mice treated with saline (control group), catalase (32000 

U/mouse, 1 h before LPS) or sodium bicarbonate (100 mg/kg, b.i.d, starting on day -4). 

non-neulropenic 

neutropenic 

control 

catalase 

bicarbonate 

control 

catalase 

bicarbonate 

TNF (ng/ml) 

2.1 ±0.7 

0.6 ±0.6* 

1.4 ±0.9 

3.5 ±0.8 

0.15 ± 0.1 # 

0.7 ±0.4* 

IL-la (pg/ml) 

78 ±13 

242 ±105* 

58 ±30 

114±48 

150 ±59 

72 ±19* 

* p<0.05 vs. control, # pO.01 vs. control 
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LPS-induced lethality. Since both TNF and IL-1 are central mediators of lethal 

endotoxemia, the effect of the increased cytokine response in neutropenic mice on 

lethality induced by LPS was studied. Normal and neutropenic mice were challenged i.v. 

with 1 mg of LPS, and mortality was assessed daily for 7 days. The neutropenic mice were 

more susceptible to endotoxemia when compared with normal mice (Fig.5). Treatment of 

mice with bicarbonate did not influence the outcome in control mice, while improving 

survival in neutropenic animals: 100% in bicarbonate-treated neutropenic mice vs. 72% in 

non-treated animals (p<0.05) (Fig.5). The data represent two pooled experiments with 10 

mice/group. The results were similar in both experiments. 

Discussion 

In this study we have shown that neutropenia leads to an increased cytokine production 

upon LPS challenge in mice. This enhanced production of cytokines is accompanied by an 

increased susceptibility of neutropenic mice to a lethal challenge with LPS. Neutropenic 

animals have higher plasma uric acid concentrations when compared to those of controls, 

and this hyperuricemia is responsible at least in part for the increased cytokine production. 

Few studies have been performed to assess the production of cytokines during 

neutropenia. Two studies have reported increased cytokine production in neutropenic mice 

infected with C.albicans (12,13). Another recent study reported greater cytokine 

production after an LPS challenge in neutropenic mice (14). This is in agreement with our 

observation that neutropenic mice produce greater amounts of pro-inflammatory cytokines 

after stimulation with LPS. Despite the increased peak of cytokine concentration, we 

observed similar kinetics of cytokine synthesis in normal and neutropenic mice, data 

which are also sustained by the study of Steinshamn et al (14). 



S. 3 

C T * 

Ч H 

gS В. з о a 
Ρ с 
* § 

Ό О 
Л "> 
о о 
О *̂ 5 о* 

"О с 
3" о 

3 
m 
3 

о 
3 

о 
о 
7Г 

О о-с о 
i-l· 

δ' 
3 
ЧО 
О 

3 
3 

Г •V 
00 

3 

о 
3 

3 

о 

о -о 

ES 

о. 
3 

s 
с * о -α о 
3 . 

Ό — О 

IH 
о 

о 
SU 
" I 
σ 
о э 
su 
г-» 

φ 

H 

Hl 
H* 

^щіШ№:-

D
 con 

•
 neu 

ш 
5* 
Φ 

3 н 

юраив^^я 

_ _ _ 

О О 
S » 
3 

ñ* 
3 
о 
(D 



358 Chapter 20 

When macrophages from normal and neutropenic mice were stimulated ex-vivo with LPS, 

the macrophages from neutropenic animals synthesized more cytokines in response to 

LPS. Xun and colleagues observed circulating concentrations of cytokines in mice treated 

with daily injections of busulfan and cyclophosphamide, even without any stimulation of 

the animals (19). All these data argue that the enhanced cytokine production in 

neutropenic animals is the result of an increased cytokine production by tissue 

macrophages which may already be in a state of activation at the time of the LPS 

challenge. 

Little is known about the mechanisms responsible for the increased cytokine production 

during neutropenia. The observation that one single dose of cyclophosphamide shortly 

before the LPS challenge decreases the TNF concentration, while the IL-1 production is 

unmodified, indicates that cyclophosphamide is not directly responsible for the increased 

cytokine production observed during neutropenia. This is in agreement with the earlier 

observation that cyclophosphamide reduces the capacity of murine peritoneal 

macrophages to produce TNF and IL-1 (20). In addition, similarly increased cytokine 

concentrations were found in mice rendered granulocytopenic after sublethal gamma-

irradiation (data not shown). This led us to the hypothesis that a product of leukocyte 

damage (e.g. uric acid) may be responsible for the increased cytokine production during 

neutropenia. 

Uric acid concentrations were significantly higher in neutropenic mice when compared 

with controls. It has been shown that uric acid crystals are able to stimulate cytokine 

production (15,16), although no data have reported on the ability of soluble uric acid to 

influence cytokine production. In the present study, hypouricemic agents led to a decrease 

of both the levels of uric acid and the cytokine concentration in the circulation of 

neutropenic mice. Allopurinol is also able to influence the TNF production by inhibiting 

ROI (21), and this may explain the inhibition of TNF production observed in normal mice 

treated with allopurinol. Therefore, the influence of ROI on TNF and IL-la synthesis was 

assessed. Catalase, which decreases ROI (21) and has no effects on uric acid 
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concentrations, decreased TNF concentrations, indicating that indeed part of the effect of 

allopunnol may be due to ROI inhibition In contrast, catalase was not able to inhibit the 

production of IL-la On the other hand, bicarbonate was able to inhibit both TNF and IL-

la production, by decreasing the concentration of une acid without affecting ROI The 

biological significance of these observations is further stressed by the beneficial effect of 

bicarbonate on survival of neutropenic animals challenged with LPS These data argue 

that hyperuricemia plays an important role in the increased cytokine production during 

neutropenia in mice 

neutropenic + 
± bicarbonate 

° control 

A control + 
bicarbonate 

neutropenic 

0 1 2 3 4 5 6 7 days 
Figure 5 Survival of normal and neutropenic mice treated with saline or bicarbonate (100 
mg/kg, b i d , starting on day -4), after LPS challenge (1 mg/mouse) 
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This hypothesis was further tested by inducing hyperuricemia in non-neutropenic mice. 

An immediate increase in circulating uric acid concentration by a single administration of 

uric acid did not increase the cytokine production. However, when a sustained 

hyperuricemia was induced for 4 days, the TNF production after LPS was higher when 

compared with the placebo group. This suggests that the increased uric acid concentrations 

may induce an activation of tissue macrophages, leading to increased production of 

cytokines upon stimulation. 

In contrast to humans, the final product of the purine metabolism in mice is not uric acid, 

but allantoin, due to the presence of urate oxidase. For this reason mice have much lower 

circulating concentrations of uric acid than humans. It is to be expected that in the present 

study, the increased concentrations of uric acid in the neutropenic mice and the mice that 

received oral uric acid were accompanied by a parallel increase in the concentration of 

allantoin. Thus, the possibility that the higher allantoin concentrations, rather than the 

hyperuricemia is responsible for the increased cytokine production in these experiments 

can not be excluded. 

There are also other mechanisms which could have influenced the cytokine production. 

Steinshamn and colleagues argued for a role of reduced release of soluble TNF receptor 

p75 in the enhanced TNF activity after LPS during neutropenia (14). However, although 

this mechanism may occur in vivo, it does not explain our observation that the cytokine 

production capacity of macrophages from neutropenic animals is increased when 

stimulated with LPS in vitro. It has been also shown that TNF and IL-1 can act as 

important hematopoietic regulatory cytokines (22), and it cannot be excluded that 

neutropenia leads to increased production of these cytokines through a direct feed-back 

mechanism. Neutropenia may also activate other hematopoietic regulatory cytokines such 

as GM-CSF (22,23), which may stimulate the production of pro-inflammatory 

cytokines(24). 
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In conclusion, several mechanisms, including hyperuricemia, may lead to a higher 

production of pro-inflammatory cytokines during neutropenia The results of our and the 

other experimental studies, together with the observed increased production of pro

inflammatory cytokines in neutropenic patients (10,11), suggest that this overproduction 

of cytokines could contribute to the poor prognosis of infection in the neutropenic host 
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ABSTRACT 

Interleukin-1 beta (IL-1) and tumor necrosis factor alpha (TNF) are important for the 

beta cell lysis in insulin-dependent diabetes mellitus (IDDM), while IL-1 receptor 

antagonist (IL-lra) is considered protective by blocking the effects of IL-1. Serum 

concentrations and ex-vivo production of IL-1, TNF and IL-lra were examined in 10 

newly diagnosed IDDM (ND-IDDM) patients, and compared with 11 long-standing 

IDDM (LS-IDDM) patients and 14 healthy volunteers. Ex-vivo LPS-stimulated 

production of IL-1 in ND-IDDM patients was significantly increased compared with 

LS-IDDM patients and healthy controls, while TNF and IL-lra synthesis did not differ 

significantly. IL-lra /IL-1 ratio was significantly decreased in ND-IDDM, and returned 

to normal values in the LS-IDDM group. Circulating concentrations of IL-lra in LS-

IDDM patients were increased. These data suggest a proinflammatory imbalance in 

ND-IDDM patients and this may play an important role in beta cell loss. 
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INTRODUCTION 

Insulin-dependent diabetes mellitus (IDDM) is an autoimmune disease in which beta 

cell lysis is the central event (1). In this process, the proinflammatory cytokines 

interleukin-1 beta (IL-1) and tumor necrosis factor alpha (TNF) are thought to play an 

important role. In-vitro studies have shown that IL-1 interferes with insulin secretion 

from pancreatic beta cells (2) and has a lytic effect on islet cells (3). Intraperitoneal 

administration of IL-1 accelerates the onset of IDDM in the BB-rat model (4), and 

induces hyperglycemia and hypoinsulinemia in normal Wistaf Kyoto rats (5). Although 

TNF by itself is not cytotoxic to the beta cell, it strongly potentiates the action of IL-1 

(6). Interleukin-1 receptor antagonist (IL-lra), the naturally occuring antagonist of IL-1, 

was shown to protect beta-cells against the deleterious effects of IL-1 (7), and to delay 

the onset of diabetes in BB-rats (8). 

The aim of the present study was to assess the pro- and anti-inflammatory cytokine 

production in IDDM patients. We investigated both circulating and ex-vivo produced 

IL-Iß, TNFa and IL-ra in newly-diagnosed IDDM (ND-IDDM) and long-standing 

IDDM (LS-IDDM) patients, and we compared them with a group of healthy volunteers. 

RESULTS 

Circulating concentrations of IL-1, TNF and IL-lra. IL-1 concentrations were detectable 

in serum of only 2 of 10 healthy volunteers (4.2 and 5.6 pg/ml), 4 of 10 ND-IDDM 

patients (range 5-13.5 pg/ml) and 1 of 11 LS-IDDM patients (5.2 pg/ml). Circulating 

concentrations of TNF were below detection limit. Circulating IL-lra concentrations did 

not differ between control individuals (234 ±216 pg/ml) and ND-IDDM patients (184 ± 

158 pg/ml), but were significantly higher in LS-IDDM patients (461 ± 167 pg/ml, 

p<0.05)(fig.lA). 
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healthy controls, newly diagnosed IDDM patients and long-standing IDDM patients (A) 
and ex-vivo production of interleukin-1 beta (IL-1) and tumour necrosis factor alpha 
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Ex-vivo LPS-stimulated production of IL-1 in healthy volunteers was 2 1 ± 1 0 ng/ml 

In ND-IDDM patients the release of IL-1 was significantly increased (3 2 ± 1 2 ng/ml, 

p<0 05), whereas IL-1 production m LS-IDDM patients did not differ significantly from 

the control group (1 4 ± 1 0 ng/ml, pX) 05) (fig IB) Stimulated production of TNF was 

3 1 ± 1 8 ng/ml m the control group, in ND-IDDM patients, TNF synthesis tended to be 

higher, but statistical significance was not achieved due to a wide range in the 

observations 4 9 ± 2 7 ng/ml, p>0 05 In LS-IDDM patients, TNF synthesis did not 

differ from controls 3 0 ± 2 1 ng/ml, p>0 05 (fig IB) Stimulated production of IL-lra 

did not differ between the three groups studied 36 7 ± 9 3 ng/ml m healthy volunteers, 

33 2 ± 9 9 ng/ml in ND-IDDM patients and 33 7 ± 14 3 ng/ml m LS-IDDM patients 

Because an imbalance between the pro-inflammatory IL-1 and the anti-inflammatory 

IL-lra may be involved in the pathogenesis of IDDM, we calculated the IL-lra/IL-1 

ratios in healthy controls the ratio was 21 3 ± 8 9, in ND-IDDM it was strongly 

reduced 11 5 ±4 2 (p<0 02), while in LS-IDDM patients the ratio did not differ 

significantly from controls 32 1 ± 21 6 (p>0 05) 

Similar results have been obtained when the radioimmunoassay was used to determine 

the cytokine concentrations (data not shown), arguing for the accuracy of the 

commercially ELISA kits used for the determinations 

DISCUSSION 

IDDM is characterized by mononuclear cell infiltration of the islets of Langerhans, 

associated with a selective ß-cell lysis Recent studies suggest that the pro-inflammatory 

cytokine IL-1 plays a major role in the inhibition of insulin secretion (2) and in the lysis 

of ß-cells (3) TNF, another major рго-mflammatory cytokine strongly increases the 

effects of IL-1 (4) In the present study we show that non-ketotic ND-IDDM patients 

have an increased production capacity of IL-1 and a tendency towards higher synthesis 
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of TNF when compared with healthy controls. Apparently, the cytokine production 

capacity returns to normal values with longer duration of illness. 

Contrasting data are available in the literature regarding the pro-inflammatory cytokine 

production capacity of IDDM patients. Some studies done in monocytes of ND-IDDM 

patients did not find any difference in IL-1 and TNF production when compared with 

the controls (9,10). However, the longer duration of diabetes (68.6 days) in the ND-

IDDM patients investigated by Molvig and colleagues (9), and the use of silica as a 

stimulus for cytokine production by Luger et al. (10) makes difficult the comparison of 

these studies with our data. In contrast, other investigators have found an increased 

production of cytokines after in vitro stimulation of blood mononuclear cells of ND-

IDDM patients (11-13), as we also observed in our system. However, when comparing 

our results with the data from the literature, it is also important to mention that we 

assessed the cytokine production capacity after whole blood stimulation, in the presence 

of all the cells and plasma factors normally present in circulation, which represents a 

system closer to the physiological conditions than the artificially isolated monocytes 

used in the above mentioned studies. In this respect, we are aware that pancreatic 

cytokine determinations would have been more meaningful, but unfortunately there are 

no available methods to obtain pancreatic material from patients at the present moment. 

Although metabolic disturbances cannot be ruled out as a factor in the observed 

differences in cytokine patterns between the ND-IDDM and the LS-IDDM patients, 

they are less probable to play a major role since the LS-IDDM patients studied had 

similar fasting blood glucose and glycated hemoglobin with the ND-IDDM group, and 

all IDDM patients were non-ketotic at the time of sampling. 

In view of the reports that have shown that IDDM patients have an increased ex-vivo 

production of IL-1 beta and TNF alpha when compared with genotype-matched healthy 

controls (14), and the finding that TNF production is higher in individuals with DR3 

and DR4 haplotypes, which are more prevalent in IDDM, it is possible that the "normal" 
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production capacity with longer duration of illness represents a decrease of genetically 

increased production capacity. This hypothesis is sustained by other studies showing a 

decreased cytokine production capacity in patients with LS-IDDM (15,16). 

Alternatively, the increased capacity found can be due to the disease process itself rather 

than to genetics. 

To our knowledge, this study is the first to assess the ex-vivo IL-Ira production capacity 

of IDDM patients. The stimulated production of IL-lra did not differ between healthy 

individuals and ND- or LS-IDDM patients. The decrease of IL-lra/IL-1 ratio in ND-

IDDM patients sustains the hypothesis of Mandrup-Poulsen et al. that the imbalance 

between IL-1 and IL-lra is central in the autoaggressive reaction against beta cell (17). 

A similar imbalance of IL-lra/IL-1 ratio was recently found in patients with chronic 

inflammatory bowel diseases (18), in rheumatoid synovium (19) and in the synovial 

fluid of Lyme arthritis patients (20). 

Circulating concentrations of TNF were below detection limit, as was the case for 

circulating IL-1 in the majority of samples. The differences in serum concentrations of 

IL-lra are difficult to explain. While in newly diagnosed IDDM patients IL-lra 

concentrations were similar to healthy individuals, we found significantly increased 

concentrations in long-standing IDDM, This is supported by the finding of higher IL-

lra circulating concentrations in IDDM patients with the A1/A2 genotype for IL-lra 

gene when compared with control subjects with the same genotype (21). Thus, it seems 

that differences in circulating IL-lra concentrations do appear in the course of IDDM, 

and a correlation of these modifications with certain genotypes can not be excluded. 

In conclusion, we have found an increased IL-1 production capacity and a decreased IL-

lra/IL-1 ratio in newly diagnosed IDDM patients, which argues for an imbalance in 

favour of the proinflammatory cytokines. This may be important in the pathophysiology 

of the beta cell lysis. During the evolution of the disease, probably after all the ß-cells 
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are lysed with a cesation of the inflammatory process in the pancreas, this 

proinflammatory status is reversed. 

MATERIALS AND METHODS 

10 ND-IDDM patients, 11 LS-IDDM patients and 14 healthy individuals were studied. 

The clinical characteristics of the patients are given in Table I. Written consent was 

given by each individual participating in the study. Both groups of IDDM patients were 

non-ketotic at the time of sampling. The C-peptide plasma concentration was tested in 

the IDDM patients and in all of them was below 0.1 nmol/L. Any sign of infection 

and/or other inflammatory diseases served as an exclusion criteria. The newly diagnosed 

IDDM patients were tested within 5 days from diagnosis, while each of the long

standing IDDM patients had more than 1 year duration of the disease. 

Table I. Clinical characteristics of IDDM patients and healthy volunteers. 

Number 

Sex(M/F) 

Age (years) 

IDDM duration 

Insulin (IU/day) 

Fasting blood 

glucose (mg/dL) 

HBA, (%) 

ND-IDDM 

10 

6/4 

21 (13-23) 

3.4 days 

27.4 ±12.9 

260 ± 70 

9.4 ±1.6 

LS-IDDM 

11 

6/5 

27 (12-35) 

4.7 years 

49.9 ±17.4 

242 ± 89 

8.6± 1.1 

Controls 

14 

8/6 

22 (19-27) 

-

-

94 ±16 

7.1 ±0.3 

mean ± SD, with the exception of age which is given as median (interval). 
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Blood has been drawn from the cubital vein in 4 ml sterile tubes containing 48 ml 

EDTA (Vacutainer Systems, Becton and Dickinson, Rutherford, NJ). Plasma was 

separated and stored at -20°C until the assays were performed. All samples were 

collected between 7 and 8 a.m. The ex-vivo lipopolysaccharide-stimulated cytokine 

production was assesed as described elsewhere (22). Briefly, the blood was drawn in 

another 2 tubes of 4 ml as described above. The tubes were incubated 24 hours at 37°C 

with the addition of 50 ml of lipopolysaccharide (LPS) (LPS; E.coli serotype 055:B5, 

Sigma Chemical Co., St.Louis, MO) containing 0.8 mg/ml (final concentration of LPS: 

10 mg/ml). After 24 hours, the tubes were centrifuged, plasma was collected and stored 

at -20°C until assay. 

Measurement of IL-1 beta, IL-Ira and TNF alpha. IL-1 beta and IL-Ira concentrations 

were measured as duplicates using a quantitative enzyme immunoassay (Quantikine , 

R&D Systems Europe, Abingdon, UK) according to the instructions of the 

manufacturer. Both kits used a specific monoclonal antibody bound to a solid phase, 

and a specific polyclonal antibody conjugated to horse radish peroxidase. The specified 

detection limit for IL-1 beta was 3.9 pg/ml, and for IL-lra was 46.9 pg/ml. TNF alpha 

was determined by an ELISA kit (Boehringer Mannheim, Germany), using two mouse 

monoclonal antibodies directed against two different epitopes of the human TNFa. The 

specified detection limit was 32 pg/ml. Samples from 5 ND-IDDM, 4 LS-IDDM and 10 

healthy controls were also tested using a radioimmunoassay method, as described 

previously ( ). 

Statistical analysis. Cytokine concentrations are expressed as mean ± SD. Differences 

between the groups were analysed using the Kruskal-Wallis test with chi-square 

approximation. Differences were considered significant only when ρ value was below 

0.05. 



372 Chapter 21 

Aknowledgements 

We thank Dr.J.A.Lutterman and Dr.C.Tack for their helpful suggestions. We thank also 

W.Zvarts for the help with C-peptide determinations. This study was partly supported 

by a grant of Soros Foundation for an Open Society, Cluj-Napoca Branch, Romania. 

References 

1. Eisenbarth GS. N Engl J Med 1986; 314:1360. 

2. Purello F, Buscema M. Diab Nutr Metab 1993; 6:295. 

3. Mandrup-Poulsen T, Bendtzen K, Nerap J, et al. Diabetologia 1986; 29:63. 

4. Wilson CA, Jacobs C, Baker P, et al. J Immunol 1990; 144:3784. 

5. Wogensen LD, Reimers J, Nerup J, et al. Diabetologia 1992; 35:331. 

6. Mandrup-Poulsen T, Bendtzen K, Dinarello CA, et al. J Immunol 1987; 123:4077. 

7. Eizirik DL, Tracey DE, Bendtzen K, Sandler S. Diabetologia 1991; 34:445. 

8. Dayer-Metroz MD, Duhamel D, Rufer N, et al. Eur J Clin Invest 1992; 22:A50. 

9. Molvig J, Pociot F, Baek L, et al. Scand J Immunol 1990; 32:297. 

lO.Luger A, Schemthaner G, Urbanski A, Luger TA. Eur J Clin Invest 1988; 18:233. 

1 l.Ciampolillo A, Guastamacchia E, Caragiula, et al. Diab Res Clin Pract 1993; 21:87. 

12.Giordano C, Galuzzo F, Panto F, et al. Diab Nutr Metab 1990; 4:277. 

13.Kulseng B, Skjak-Braek G, Fölling I, Espevik T. Scand J Immunol 1996; 43:335. 

H.Pociot F, Molvig J, Wogensen L, et al. Scand J Immunol 1987; 33:37. 

15.0hno Y, Aoki N, Nishimura A. J Clin Endocrin Metab 77:1072. 

ló.Sahdev I, Fort P, Herry A. Acat Paediatr 1992; 81:935. 

n.Mandrup-Poulsen T, Zumsteg U, Reimers J, et al. 1993; 5:185. 

18.Casini-Raggi V, Kam L, Chong YJT, et al. J Immunol 1995; 154:2434. 

19.Chomarat P, Vannier E, Dechanet J, et al. J Immunol 1995; 154:1432. 

20.Miller LC, Lynch EA, Isa S, et al. Lancet 1993; 341:146. 

21.Mandrup-Poulsen Τ, Pociot F, Molvig J, et al. Diabetes 1994; 43:1242. 

22.van Deuren M, van der Ven-Jongegrijg J, et al. J Infect Dis 1994; 169:157 



Chapter 22 

Summary and conclusions 



374 Chapter 22 

Summary 

Proinflammatory cytokines such as TNF and IL-1 are small proteins synthesized 

during immune activation of the host, which function as modulators of both the 

cellular and humoral arms of the immune system (1). Proper synthesis of 

proinflammatory cytokines is important for mounting the immune response during 

infections, and their absence in genetically modified animals increase the 

susceptibility to various microorganisms (2), (3), (4). TNF and IL-1 enhance the 

antimicrobial functions of neutrophils and macrophages, promote the expression of 

adhesion molecules and synthesis of chemokines to direct and control migration of 

leukocytes to the site of infection, induce expression of major histocompatibility complex 

class II molecules, activate Τ lymphocytes, and induce the synthesis of acute phase 

proteins (5). Due to these important stimulatory effects, the local production of 

proinflammatory cytokines is absolutely required for a potent host defense against 

infection. 

In contrast to these beneficial effects of local production, the systemic effects of 

proinflammatory cytokines may also have deleterious consequences when synthesized in 

excess and high amounts of tumor necrosis factor-α, interleukin-lß or interferon-gamma 

are released into the circulation (6). The concept of "lethal cytokinemia" has been 

proposed for this phenomenon (7), and this may result in endothelial damage, fluid 

extravasation, hypotension, disseminated intravascular coagulation, organ failure, and 

eventually death (8), (9). Beneficial effects of treatment with specific anti-cytokine 

antibodies or cytokine antagonists have been reported in experimental models of sepsis 

(10), (11), (12), (13). In addition, high circulating concentrations of proinflammatory 

cytokines can be found in patients with septic shock (14), (15), and the cytokine levels 

correlate with a poor outcome (16), arguing for the potential use of cytokine modulation as 

a therapeutic target in sepsis (17). Because the clinical trials aimed to counteract the 

deleterious effects of high cytokine levels have been not succesful to date, a better 

understanding of the role and modulation of proinflammatory cytokines is needed before 
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anti-cytokine therapies can be employed in a clinical setting. The aim of this thesis is to 

try to gain more insight in the modulation of proinflammatory cytokines, either by 

physiologic (lipoproteins, metabolites and cytokines) or pharmacologic factors. 

In order to study the modulation of proinflammatory cytokines in various states, 

information about the production capacity of the host cells is needed in addition to 

circulating cytokine concentrations. Whole blood cultures are a very commonly used 

method for assessment of cytokine production by human cells (18), (19), and in Chapter 2 

a new method has been described for the assessment of cytokine production and regulation 

at the transcriptional level after ex-vivo stimulation of whole blood. Expression of 

mRNA was assessed by reverse-transcription polymerase chain reaction (RT-PCR) 

and cytokine production by radioimmunoassay (RIA). The level of TNF mRNA 

expression increased very rapidly after LPS stimulation, reaching the peak after 2h, 

whereas IL-Iß mRNA rised slightly slower, with the peak after 4 to 6h stimulation. The 

cytokine regulation in patients with typhoid fever was investigated, with increased 

levels of both TNF and IL-1 mRNA being present in the circulating cells during the 

acute phase of the disease, despite the lack of measurable cytokine concentrations. 

Together with the fact that the in vitro cytokine production was strongly impaired at the 

protein level in these patients, although normal levels of cytokine mRNA were present, 

this observation strongly suggest that the regulation of TNF and IL-1 production during 

the acute phase of typhoid fever is a posttranscriptional event. 

Modulation of proinflammatory cytokines by pharmacologic agents. The second 

part of the thesis (Chapters 3-7) has investigated the capacity of several commonly 

used drugs to modulate cytokine production. In Chapter 3, acetylsalicilic acid (as

pirin) treatment has been given for 3 days to a group of healthy male volunteers, and 

cytokine production capacity was assessed before and after the treatment. It has been 

previously described that aspirin is able to inhibit the synthesis of prostaglandins, 

which are potent inhibitors of cytokine production. After aspirin treatment, LPS-

stimulated TNF production was significantly increased, as has been also shown by 
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others (20). Our hypothesis that the IL-18-induced IFNy production should also be 

enhanced by aspirin treatment has proven true, significantly higher IFNy responses 

being recorded as long as one week after the last aspirin dose. It is therefore 

concluded that NSAID consumption should always be taken into account when 

cytokine production capacity is assessed in humans. 

Chapter 4 addressed the question whether pharmacologic modulation of cytokines 

during various serious experimental infections is beneficial. While proinflammatory 

cytokine inhibition by pentoxifylline, thalidomide and especially chlorpromazine had 

certain protective effects during lethal endotoxemia, no benefit was seen in infection 

with live Klebsiella pneumoniae. This underscores the important differences between 

artificial models such as intravenous LPS infusion and infection with live 

microorganisms (21). During severe Candida albicans infection, inhibition of the 

proinflammatory cytokines even had deleterious effects, as has been also reported 

previously in studies using neutralizing antibodies against TNF (22). These findings 

are in agreement with the notion that TNF is required to activate neutrophils for 

killing Candida. As a consequence, anti-cytokine strategies that have been applied in 

sepsis may not be used in Candida infection. This hypothesis will be further 

investigated in a model of systemic candidiasis in TNF knock-out mice shortly. 

The relative importance of in-vitro studies and even of animal experiments is further 

illustrated by Chapters 5 and 6, in which drugs such as chlorpromazine, Captopril and 

valsarían are investigated. Chlorpromazine is a phenotiazine derivative which has 

been succesfully used in protecting the mice against lethal endotoxemia (23), and 

Captopril have been proven to have potent inhibitory effects on cytokine production in 

vitro (24). Despite of these effects, we found that their in-vivo administration in 

humans had no effects on the ex-vivo cytokine production capacity. The 

concentrations that are attainable in vivo in humans were insufficient to influence 

cytokine synthesis, and this precludes their usage in anti-cytokine therapeutic stra

tegies. 
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In Chapter 7, the capacity of amphotericin B, one of the commonly used antimycotic 

agents, to modulate cytokine production was studied Amphotericin В treatment can 

be accompanied by serious acute side effects such as fever and chills, and it has 

suggested that these effects are mediated by stimulation of proinflammatory cytokines 

(25), (26) No data on possible effects on the antiinflammatory cytokine production 

were available to date In Chapter 7 it was demonstrated that amphotericin В produces 

an imbalance towards the production of proinflammatory cytokines TNF and IL-1, 

with a relative deficit in the production of the antiinflammatory cytokine IL-1 receptor 

antagonist (IL-IRa) This could indeed contribute to the fever and chills often 

encountered during treatment with the drug 

Modulation of proinflammatory cytokines by lipoproteins. The LPS component of 

the Gram-negative bacteria cell wall is one of the most potent stimuli for cytokine 

production and its neutralization has been suggested to be beneficial in Gram-negative 

sepsis Once LPS is released from Gram-negative bactena into the circulation, its 

interaction with LPS-bindmg protein (LBP) leads either to transfer to the CD 14 receptor 

on the cell membrane and stimulation of cytokine production (27), or to transfer of LPS 

to lipoprotein particles (28) This leads to binding and neutralization of LPS by 

lipoproteins with concomitant inhibition of cytokine production (29) This phenomenon 

has proven to be beneficial in endotoxemia (30) or experimental Gram-negative infec

tions (31) and because ofthat, infusion of reconstituted lipoproteins has been proposed 

as an adjunctive therapy for Gram-negative sepsis 

The answer regarding the potential beneficial effects of hyperlipoproteinemia in 

neutralizing LPS and protecting against lethal endotoxemia and a severe infection with 

live Klebsiella pneumoniae is given in Chapter 8 The 7 to 9-fold increased LDL 

concentrations in the LDLR-/- mice results not only in a better survival after injection 

of a lethal LPS dose, but also in a significantly increased survival after infection with 

live Klebsiella pneumoniae Because the outgrowth of bacteria is similar in the 
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normolipidemic and hyperlipidemic mice, while proinflammatory cytokines 

concentrations in LDLR-/- mice are significantly lower than in in controls, the 

mechanism of protection is very likely the neutralization of LPS by lipoproteins, with 

impaired release of cytokines into the circulation. These studies demonstrate that LPS 

is the major lethal factor in Gram-negative infections. A possible link between high 

lipoprotein concentrations and a decreased mortality due to Gram-negative infections 

at an epidemiological level is suggested by the recent study of Weverling-Rijnsburger 

et al. performed in a cohort of aged persons (32). 

Chapter 9 answers to the question why the endogenous lipoproteins are not able to 

neutralize LPS liberated in sepsis, despite a high excess in the molar ratio even in the 

most severe Gram-negative infections (33). While indeed capable to interact with 

LPS, the lipoproteins need at least 4 to 8 hours to bind and neutralize LPS, at the 

lipoprotein to LPS ratio present in severe infections. In contrast, LPS can very rapidly 

bind to and stimulate the PBMC for cytokine production within minutes, and this ex

plains why humans are not endotoxin-resistant by virtue of their circulating 

lipoproteins. However, the rate of LPS neutralization is greatly enhanced when the li

poprotein to LPS ratios are increased, and this may be the reason for the beneficial 

effects of hyperlipoproteinemia on the course of Gram-negative infections in 

experimental animals. Infusion with reconstituted HDL (rHDL) has been also shown 

to have antiinflammatory effects during endotoxemia in humans (30), and clinical 

trials with rHDL in sepsis are currently under way. 

Despite of the fact that LDL is the most potent lipoprotein sub fraction for neutralization of 

LPS (34), no data are available regarding potential differences in LPS-neutralizing 

capacity between the various LDL subclasses. These subclasses are differentiated on the 

basis of their protein content, the heavier LDL2 and LDL3 subfractions having more 

apolipoproteins than the buoyant LDL1 subfraction (35). Because the apolipoproteins 

have been shown to interact with LPS, Chapter 10 has investigated whether the various 

LDL subtractions are equally potent in neutralizing LPS. We found that the heavy 
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LDL subfractions are more potent for neutralizing LPS-induced TNF than the buoyant 

LDL This may be explained by the differences in the structure and chemical 

composition between the various LDL subfractions As LDL size decreases, the ratio of 

surface phospholipid to cholesterol, and the surface covered by apoB increases (36) 

Because both phospholipids (37) and apoB (38) are considered to interact with LPS, 

enabling its binding and neutralization, these structural differences may very well be the 

cause for the differences observed between the LDL subfractions 

This difference in LPS-neutrahzing capacity of the various LDL subfractions may have 

epidemiological consequences, because two phenotypes of the LDL subfraction pattern 

have been described in humans phenotype A which is characterized by a predominance 

of buoyant LDL particles, and phenotype В with a predominance of small LDL particles 

(39) The increased potency of dense LDL subfractions to inhibit endotoxm-induced 

TNF implies that LDL2 and LDL3 bind better to LPS and therefore, LPS-LDL 

complexes are easier formed in individuals with a В phenotype If ultimately not taken 

up by an LDL-receptor, these complexes are ingested by monocytes and transported in 

the subendothehal space of the arterial wall (40), where they can trigger inflammatory 

processes leading to atherogenesis (41) At a sustained exposure with LPS, such as a 

chronic arterial infection with the Gram-negative microorganism Chlamydia 

pneumoniae, which has been associated with an increased risk for atherosclerosis (42), a 

continuous inflammatory response induced by LPS-LDL complexes can trigger 

formation of atherosclerotic lesions Because the small, dense LDL are considered a risk 

factor for early development of atherosclerosis, it may be possible that the better 

complexation of LPS by small LDL subfractions plays a role in this phenomenon 

In Chapter 11, we addressed the question whether the relatively newly described 

lipoprotein (a) (Lp(a)) is also able to inhibit LPS-mduced cytokine production This 

may be particularly important, since Lp(a) plasma concentration can vary 100-fold 

between individuals (43) The answer to this hypothesis is affirmative, Lp(a) being as 

potent as LDL for inhibition of LPS-induced TNF The lipid content of Lp(a) can 
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reach half of the lipid content of circulating LDL, and therefore, circulating Lp(a) 

concentration may represent an important factor for the amount of LPS neutralized by 

endogenous lipoproteins. An additional argument for the importance of LPS 

neutralization by Lp(a) is represented by the studies reporting that Lp(a) reacts as an 

acute phase reactant (44). This cytokine-mediated response of the organism suggests 

that feed-back modulation of Lp(a) concentration may have a role in host defense. 

Therefore, the relevance of this phenomenon at an epidemiological level merits 

further investigation. 

In addition to their capacity to bind and neutralize LPS, lipoproteins may influence 

cytokine production capacity by acting at the level of the cells responsible for the cytokine 

production. It has been shown that hypocholesterolemia decreased the expression of 

CD14, the main LPS receptor, and that LDL suppletion restored normal expression (45). 

Additionally, cholesterol can also modulate the clustering of other GPI-linked receptors 

(46). Chapters 12-14 deal with the question regarding the effect of 

hyperlipoproteinemia on the reactivity of cells to LPS. When peritoneal macrophages 

from LDLR-/- mice are stimulated in vitro with LPS, in the absence of lipoproteins, 

they respond with increased cytokine production. This enhanced cytokine response is 

mediated by CDllc/CD18 LPS-receptor, as shown in Chapter 12. The increased 

cytokine production may be particularly important at the tissue level, where it could 

be involved in the inflammation contributing to early development of atherosclerotic 

lesions in hyperlipoproteinemic hosts. 

To evaluate whether the same phenomenon is present in humans, we investigated the 

cytokine production capacity of mononuclear cells from patients with familial hyperli

poproteinemia (FH) (Chapters 13 and 14). In this inborn error there is no functional 

LDL receptor. The cells of homozygous FH patients have a 20 to 100% increase in 

the cytokine production capacity compared to controls, and this effect is ameliorated 

after LDL-apheresis (Chapter 13). Whether this is due to the decreased lipoprotein 

concentrations or to a direct effect of cell manipulation during the apheresis it is not 
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clear yet. In contrast, the lipoprotein levels in heterozygous patients are probably not 

high enough to be able to induce an increased reactivity of PBMC to LPS (Chapter 

14). 

Due to the capacity of lipoproteins to bind and neutralize LPS and their beneficial 

effects in experimental models of Gram-negative infections, infusion with 

reconstituted lipoproteins has been suggested as an adjunctive therapy for sepsis. 

However, because the diagnosis of Gram-negative sepsis may be difficult if based 

only on clinical grounds, more should be known about the influence of hyperli

poproteinemia in other types of infection. This aspect may be particularly important 

for systemic candidasis, since it has been shown that Candida albicans grows better in 

lipid-rich environments (47), (48). The importance of this aspect is underlined in 

Chapter 15, in which we have shown that hyperlipoproteinemia facilitates the growth 

of Candida albicans and is harmful in a model of systemic candidiasis in LDLR-/-

mice. This potentiating effect on Candida albicans growth was also found in plasma of 

patients who had been infused with reconstituted HDL, an approach which has been 

proposed as adjunctive therapy for Gram-negative sepsis (Chapter 16). 

At least two different mechanisms seem to be responsible for the observed effects of 

hyperlipoproteinemia on Candida growth. First of all, in agreement with other reports 

showing increased growth of C. albicans in lipid emulsions used for parenteral feeding 

(47)-(49), lipids themselves seem to promote the growth of Candida. Cholesterol may 

act as a nutrient for С albicans, as has been demonstrated for other microorganisms 

(50). Secondly, since the growth of C. albicans was enhanced in lipoprotein depleted 

plasma of hyperlipoproteinemic mice, binding and neutralization of candidicidal factors 

such as sphingosine (51), platelet microbicidal protein (52) or the calprotectin complex 

(53) by lipoproteins could account for a part of the growth promoting effect. Although 

no lipoproteins were present in lipoprotein-depleted plasma isolated from either LDLR-

/- or normal mice, C. albicans growth was significantly increased in LDLR-/-

lipoprotein-depleted plasma from which 5-fold more lipoproteins had been extracted. 
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This suggests that indeed a candidicidal factor associates with lipoproteins, and due to 

this binding, the candidicidal effects of plasma may decrease. Association of an 

antimicrobial factor with HDL has been previously reported for Staphylococcus aureus 

(54). In conclusion, these data suggests that rHDL may have significant adverse effects 

when erroneously infused into patients with systemic candidiasis, and candidiasis 

should be excluded when infusion with rHDL into patients with sepsis is considered. 

Cytokine interactions. One of the most important ways of modulating cytokine 

production during the immune response is interaction between cytokines themselves. 

In the fourth part of the thesis (Chapters 17-19), some of the receptors and cytokines 

involved in cytokine modulation have been investigated. CD 14 is the main LPS 

receptor, especially at low concentrations of endotoxin in the presence of LPS-binding 

protein (LBP) (55), and its central role for mediation of signals leading to TNF and 

IL-1 production by LPS is discussed in Chapter 17. We have shown that TNF 

production is almost entirely mediated through CD14 both in the presence and 

absence of plasma containing LBP, whereas in the absence of LBP the stimulation of 

IL-1 by LPS is mediated through both CD14-dependent and CD14-independent 

pathways. This implies that LPS-induced TNF and IL-1 synthesis is differentially 

regulated at the receptor level, and this may have important consequences for 

therapies aiming to inhibit overproduction of proinflammatory cytokines during 

Gram-negative sepsis. 

One of the most important mechanisms for the modulation of proinflammatory 

cytokine actions is the shedding of the extracellular domains of their receptors from 

the cell membrane. In this way soluble receptors are being produced, which are 

capable to bind and neutralize the cytokines in circulation (56), (57). In this respect, it 

has been shown that administration of soluble IL-1 receptor type I (sIL-lRI) is able to 

improve survival of heart allografts (58), protect from experimental immune diabetes (59) 

and improve the severity of active arthritis (60). In Chapter 18, a new function for the 

soluble IL-1 receptor type I has been demonstrated, namely the release of preformed 



Summary and conclusions 383 

IL-1 alpha from the cells. This function may be particularly important at the tissue 

level, where paracrine and autocrine stimulatory effects of the soluble IL-1 receptors 

can occur. Thus, these data strongly suggest that sIL-lRI should be used with caution 

in anti-IL-1 therapy in humans, as has been also recently suggested by Preas and 

colleagues who observed increased TNF and IL-8 after sIL-lRI administration in 

volunteers with experimental endotoxemia (61). 

Granulocyte-colony stimulating factor (G-CSF) is a cytokine which in addition to its role 

in increasing the number of neutrophils in circulation, can also have a potent inhibitory 

effects on proinflammatory cytokine production (62). In Chapter 19 we investigated the 

effect of granulocyte-colony stimulating factor (G-CSF) on cytokine production and 

outcome of a lethal infection with Candida albicans in mice. Due to its recruitment 

and activation of neutrophils, G-CSF had substantial beneficial effects in inhibiting 

Candida outgrowth and increasing survival in infected non-neutropenic mice. We 

have also found that the effect of G-CSF and a commonly used antifungal drug, 

fluconazole, is additive in the murine model of disseminated candidiasis (unpublished 

data). A randomized, placebo-controled phase II trial of rG-CSF with fluconazole in 

non-neutropenic patients with candidemia has recently been performed by our group. 

Although the final results are still pending, an interim analysis of the data has 

confirmed our hypothesis that increasing and activating neutrophils by rG-CSF 

significantly improves outcome and survival, even in the non-compromised host with 

normal neutrophil levels at the onset of treatment (Kullberg et al, unpublished data). 

The answer to the question regarding the modulatory activities of G-CSF on cytokine 

production is also affirmative, with G-CSF being a potent inhibitor of 

proinflammatory cytokines. It may be questioned whether this additional effect of G-

CSF is beneficial for the course of Candida infection, since proinflammatory 

cytokines have been shown to be important for neutrophil activation. The relative 

importance of this antiinflammatory effect of G-CSF during candidiasis is currently 

under study. 
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Cytokines and metabolism. The last part of the thesis deals with cytokine production 

in pathologic metabolic states. It has been previously shown that cytokine production is 

higher after LPS challenge of neutropenic animals when compared with controls (63), but 

the mechanism of this phenomenon was poorly understood. In Chapter 20 it is shown 

that cytokine production is indeed increased during endotoxemia in neutropenic mice, 

despite severe reductions in the number of circulating leukocytes. We have demostra-

ted that the high concentrations of uric acid is largely responsible for this phenome

non, because the decrease of uric acid levels by administration of allopurinol strongly 

inhibited cytokine production, while hyperuricemia induced by administration of 

exogenous uric acid had stimulatory effects. This stimulatory action of hyperuricemia 

was probably achieved through priming of tissue macrophages for cytokine 

production, because not only the circulating cytokine concentrations were higher in 

neutropenic mice, but also the cytokine production capacity of peritoneal macrophages 

after stimulation in vitro with LPS. 

The balance between pro- and anti-inflammatory cytokines in autoimmune type I 

diabetes is presented in Chapter 21. It is shown that newly diagnosed patients with 

IDDM have an imbalance towards production of proinflammatory cytokines 

(especially IL-lß), and this returns to normal as the pancreatic beta cells are des

troyed and the local inflammatory process ceases. Although indirectly, these results 

suggest that proinflammatory cytokines may be involved in the lysis of the beta cells 

in type I diabetes, as has been shown by in-vitro and animal studies demonstrating 

specific destruction of pancreatic ß-cells by IL-lß, and protection by the 

antiinflammatory cytokine IL-IRa (64). 

Discussion 

Cytokines are key players in the development of potent immune responses. As any 

biological system, the cytokine network is prone to imbalance and malfunction, and 
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disturbances in its modulation has proven very important in a variety of diseases. 

Better understanding of the physiology and pathophysiology of cytokines is crucial if 

effective therapies aimed to correct disturbancies in their production are to be 

designed. The aim of the present thesis was to shed light on some aspects of cytokine 

modulation. 

Cytokine modulationis a very complex phenomenon which can be influenced at 

multiple levels, as shown in Figure 1. Once a microorganism invades the organisms, 

the germs themselves or the bacterial products released in the circulation interact with 

the immune cells. One of the first consequences of this interaction is the release of 

proinflammatory cytokines from this cells. In turn, the cytokines will further interact 

with various cells of the immune system, inducing a proper activation of the immune 

response, which will eventually lead to the elimination of the invading pathogen. 

There are several steps along this pathway where the activity of the proinflammatory 

cytokines can be modulated. The first possible target is the inactivation of the 

bacterial products, which will be therefore unable to interact with the immune cells 

and stimulate cytokine production. In the present study we show that lipoproteins can 

function as nonspecific inhibitors of LPS, a product of the Gram-negative bacteria cell 

wall. The lipoprotein-LPS interaction can decrease the production of proinflamatory 

cytokines and has protective effects during Gram-negative sepsis (Figure 1). The 

interaction between endogenous lipoproteins and LPS is slow compared with LPS 

binding to the cells, and an increased lipoprotein to LPS ratio, as in various models of 

hyperlipoproteinemia, is necessary to obtain clinically-relevant effects in respect to 

LPS neutralization. 
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Figure 1. Induction of proinflammatory cytokine production by microrganisms or 
bacterial products. Each step depicted in the picture represents a possible target for 
modulatory therapies. 
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A second possible mechanism through which cytokine synthesis may be modulated is 

the blockade of the receptors of the various stimuli. This strategy has been employed 

by others (e.g. the use of antagonistic LPS analogues), but has not been investigated 

in the present thesis. The intracellular cytokine synthesis itself can be also used as a 

target for cytokine modulation (Fig. 1). There are many levels at which such a therapy 

could be aimed, including transcription, translation, processing and release of 

cytokines, and there are many factors able to influence these processes. In the present 

study we have shown that several pharmacological agents, metabolites or cytokines 

have an impact at this level, with various potencies in the modulation of 

proinflammatory cytokine synthesis (Fig 1). 

Another possibility for the modulation of cytokine actions is the binding and 

neutralization of cytokines once they are released into the circulation, or the blockade 

of their receptors on target cells by receptor antangonists (Fig.l). While the role of 

soluble IL-1R type I (sIL-lRI) for the neutralization of bioactive IL-1 is demonstrated 

in Chapter 18, others have succesfully used receptors antagonists such as IL-IRa as 

an inhibitor of IL-1 interaction with its receptors. 

What should be the main conclusions from the experiments shown in the present 

thesis? One important conclusion is that the studies in vitro and in experimental 

models in animals, although very useful, cannot give definitive answers regarding the 

situation in humans. Despite potent inhibitory effects of several drugs such as 

chlorpromazine, Captopril or valsarían on cytokine production in vitro or in 

experimental models in mice, they were ineffective in inhibiting cytokines after 

administration in humans. 

Another conclusion of the present studies is that cytokines are substances occuring in 

a biological system, and multiple factors, from lipoproteins to metabolites and 

cytokine themselves, can influence their production and activity. Modification of one 

such a factor is very rarely not accompanied by a cascade of downstream effects, and 
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much attention should be paid in deciphering what combination of factors lead to the 

effect observed by the investigator. To give an example of such a situation, one might 

think that neutropenia induced by medication is a simple way of studying the role of 

circulating neutrophils in the production of cytokines. The same person would 

logically hypothesize that less cells would mean less cytokines. But the experiments 

shown in Chapter 20 demonstrate that however beautiful this hypothesis seemed, it 

was wrong. Neutropenic mice produced more cytokines than normal animals upon 

stimulation. Destruction of neutrophils was accompanied by hyperuricemia and it 

became apparent that this could activate tissue macrophages to produce more 

cytokines than those in non-neutropenic animals. 

There are many factors able to modulate cytokine production and each of them may 

be important in particular situations. In our studies one of the most promising data 

were obtained when lipoproteins were used as nonspecific inhibitors of LPS. There 

are certainly prospects for a potential use of lipoproteins as an adjunctive therapy in 

Gram-negative sepsis. However, once again we must remain aware of potential traps, 

as lipoproteins can adversely influence sepsis induced by other microorganisms such 

as Candida albicans. The pharmacological agents used to modulate cytokine synthesis 

in the present studies, such as chlorpromazine, pentoxifilline, thalidomide, Captopril, 

or valsarta, seemed to have potent effects on cytokine production in vitro or when 

used in endotoxemia, however, they had little effect when used in experimental 

models of infection or in vivo in humans. One promising modulatory agent seems to 

be the recombinant soluble IL-1 receptor type I. While inducing the release of IL-la 

from cells, sIL-lRI also has the potential to inhibit the excess of the cytokine 

bioactivity. Because of these two actions, sIL-lRI may prove an useful tool for 

cytokine modulation. 

From all these data we have to conclude that modulation of proinflammatory 

cytokines during infections is a very delicate task. What may be beneficial in one 

situation can prove very harmful in another. Inhibition of cytokine synthesis may have 
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beneficial consequences during meningococcal sepsis, but could have serious 

deleterious effects in a peritonitis with Candida albicans. Therefore, a very good 

understanding of all aspects concerning the role of cytokines in various infections is 

necessary until effective strategies aimed to modulate cytokine production are to be 

designed. 

Conclusion 

As usual with important components of the organism, cytokine function is influenced 

and modulated at different levels and by various factors. In the present thesis we pre

sent arguments for cytokine modulation by lipoproteins, metabolites, cytokines 

themselves and pharmacological agents, but many other factors are involved. It would 

have been impossible and it was not our scope to investigate more than a small 

selection of these factors. Our aim was to add our small contribution to the ongoing 

effort to decipher the mysteries and marvels of cytokines in particular, and life in 

general. Much more effort has to be made to try to understand how immune system 

works, and how can we help it to fight in our name. 
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Samenvatting en conclusies 

Proinflammatoire cytokinen zijn eiwitten met een laag molecuulgewicht die worden 

geproduceerd na activatie van het immuunsysteem. Hun belangrijkste functie is het 

moduleren van de verdere humorale en cellulaire immuunrespons. Een adequate 

productie van proinflammatoire cytokinen is cruciaal voor de activatie van het immuun

systeem tijdens infecties. Zo leidt hun afwezigheid in genetisch gemanipuleerde 

proefdieren die een bepaald proinflammatoir cytokine niet meer kunnen produceren, tot 

een grotere gevoeligheid voor verschillende infecties. 

De twee belangrijkste proinflammatoire cytokinen zijn tumor necrosis factor (TNF) en 

interleukine-1 (IL-1). TNF en IL-1 stimuleren de antimicrobiële functies van neutrone Ie 

granulocyten en macrofagen. Zij induceren de expressie van adhesiemoleculen en de 

productie van chemokines. Tevens versterken ze de expressie van MHC klasse I en Π 

moleculen, activeren ze T-lymfocyten en induceren ze de productie van acute-fase 

eiwitten. Door deze belangrijke effecten zijn beide cytokinen van absoluut belang voor 

een geschikte immuunrespons tijdens infecties. 

De beschermende effecten van TNF en IL-1 zijn vooral merkbaar wanneer er sprake is 

van een beperkte of locale productie. Een overmatige of systemische productie kan 

echter negatieve gevolgen hebben. Hoge plasmaconcentraties van TNF en/of IL-1 

tijdens een infectie veroorzaken o.a. het beeld van een septische shock met hypotensie, 

diffuus intravasale stolling, meervoudig orgaan falen en uiteindelijk overlijden. Ondanks 

het bestaan van zeer effectieve antibiotica is de sterfte bij dit ziektebeeld 30 tot 40%. 

Er zijn aanwijzingen dat een overmatige proinflammatoire cytokine synthese 

verantwoordelijk is voor deze hoge sterfte. Immers, remming van de productie of 

effecten van deze cytokinen in experimentele modellen van septische shock leidt tot een 

vermindering van de sterfte. Gebaseerd op deze bevindingen zijn er studies gestart bij 

patiënten met een septische shock teneinde de activiteit van de cytokinen op soortgelijke 
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wijze te moduleren. Ondanks de optimistische start heeft tot dusver echter geen van 

deze klinische trials, een positief resultaat opgeleverd. 

Geleidelijk aan werd het steeds duidelijker dat er, voordat er sprake kan zijn van 

succesvolle therapeutische modulatie van proinflammatoire cytokine synthese, er eerst 

meer kennis en inzicht moet worden ontwikkeld over de natuurlijke modulatie van deze 

synthese tijdens verschillende infecties en andere pathologische situaties. 

Het doel van dit proefschrift is een aantal aspecten van zowel de therapeutische 

modulatie van de cytokine synthese (door medicijnen), als de natuurlijke modulatie 

(door andere lipoproteinen, andere cytokinen en endogene metabolieten), te 

onderzoeken. 

Daartoe zijn in het proefschrift vijf delen te onderscheiden. Allereerst wordt een 

methode beschreven om de cytokine productie ex-vivo te kunnen bestuderen. Hierna 

volgt een deel waarin de beïnvloeding door medicijnen wordt besproken, gevolgd door 

een deel waarin de effecten van lipoproteinen worden bestudeerd en een deel waarin de 

beïnvloeding door andere cytokinen onder de loep wordt genomen. Tot slot volgt het 

deel waarin de effecten van endogene metabolieten op de proinflammatoire cytokine 

synthese wordt bestudeerd. 

In Hoofdstuk 2 beschrijven we een simpele en reproduceerbare methode voor de ex-vivo 

bepaling van het vermogen tot productie van proinflammatoire cytokinen. Hierbij 

worden cellen van het gastheerorganisme in-vitro gestimuleerd met lipopolysaccharide 

(LPS) hetgeen leidt tot productie van proinflammatoire cytokinen. Met een "reverse 

transcriptase" (RT) techniek, aangevuld met een polymerase ketting reactie (PCR), 

wordt de hoeveelheid mRNA voor dat cytokine gemeten. De cytokine productie zelf 

wordt bepaald met een radioimmuno-assay (RIA). Deze methode blijkt eenvoudig 

toepasbaar in verschillende omstandigheden. Uit de resultaten bij gezonde vrijwilligers, 
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patiënten met buiktyphus en atleten na een extreme inspanning, blijkt de praktische 

waarde van deze methode. 

In het tweede deel van het proefschrift (Hoofdstuk 3 t/m 7) wordt de modulatie van de 

pro-inflammatoire cytokine productie door een aantal medicijnen beschreven. 

In Hoofdstuk 3 wordt het effect van aspirine (acetylsalicylzuur) op de TNF en 

interferon-gamma productie onderzocht. Bekend is dat aspirine de synthese van 

Prostaglandines remt en dat Prostaglandines de synthese van cytokinen remmen. 

Inderdaad blijkt aspirine, ingenomen gedurende 3 dagen, de productie van 

proinflammatoire cytokinen te stimuleren. Dit effect hield zelfs aan tot 7 dagen na 

staken van het medicament. Deze bevinding onderstreept het belang om bij de 

interpretatie van het niveau van cytokine productie in bepaalde patiënten, het gebruik 

van medicamenten te betrekken. 

In Hoofdstuk 4 wordt het effect van chloorpromazine, pentoxyfylline en thalidomide 

onderzocht op de TNF en IL-1 synthese en op hun beschermend effect bij verschillende 

experimentele modellen van septische shock. Alle drie medicamenten remden de 

proinflammatoire cytokine synthese en hadden een beschermend effect in het lefhale 

endotoxinemie model. Er was echter geen beschermend effect in het infectie model 

waarbij levend Gram-negatieve bacteriën, i.e. Klebsiella pneumoniae, werden gebruikt. 

Daarnaast bleek remming van de proinflammatoire cytokine synthese ook ongunstig in 

het Candida albicans infectie model. De resultaten in dit hoofdstuk benadrukken aldus 

de verschillende rol van cytokinen bij kunstmatige modellen zoals het lethale 

endotoxinemie model en bij natuurlijke infecties met levende microorganismen. 

De verschillen tussen in-vitro experimenten of experimentele modellen en de in-vivo 

situatie bij mensen worden verder geëvalueerd in Hoofdstuk 5 en 6. Hier bestuderen we 

het effect van chloorpromazine, Captopril en valsarían op de cytokine productie. Hoewel 

alle drie medicamenten na in-vitro toediening de cytokine productie konden remmen, 

was er geen remming waarneembaar na ¿л-vivo toediening van het middel. De bereikte 
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plasma concentratie bleek na een therapeutische dosis eenvoudig onvoldoende om de 

cytokine productie te kunnen beïnvloeden. 

Amfotericine-B is een frequent gebruikt antimycoticum, dat als bijwerking vaak koorts 

en koude rillingen geeft. Uitgaande van de hypothese dat deze bijwerking verooorzaakt 

wordt door een beïnvloeding van de cytokine productie, bestudeerden we in Hoofdstuk 

7 de invloed van amfotericine-B op de productie van pro- en anti-inflammatoire 

cytokinen nader. Hier tonen we aan dat amfotericine-B het evenwicht russen pro- en 

anti-inflammatoitre cytokinen verstoort met een overmatige productie van de eerste en 

een relatief tekort van de laatste. 

LPS is een van de meest krachtige stumuli voor de productie van proinflammatoire 

cytokinen. LPS in de circulatie, afkomstig van Gram-negatieve bacteriën, is de motor 

voor het ontstaan van septische shock. De effecten van dit circulerende LPS worden 

gemoduleerd door plasma lipoproteïnen. Recent is aangetoond dat lipoproteïnen in het 

bloed beschermend werken doordat ze op aspecifieke wijze LPS neutraliseren. Het 

derde deel van het proefschrift (Hoofdstuk 8 t/m 16) gaat over de interactie tussen 

lipoproteïnen en LPS, en de gevolgen hiervan in enkele experimentele modellen van 

septische shock. 

In Hoofdstuk 8 bestuderen we het effect van hyperlipoproteïnemie op de synthese van 

proinflammatoire cytokinen en op het experimentele Iemale endotoxinemie model en een 

Klebsielle pneumoniae infectie. Voor de bestudering van deze processen werden 

hyperlipoproteïnemische muizen gebruikt die na genetische manipulatie een niet 

functionele receptor voor Low Density Lipoproteine (LDL) hadden (LDLR-/-). 

Hierdoor is bij deze muizen de klaring van LDL sterk vertraagd en daarom de LDL 

plasmaconcentratie zo'n 7 tot 9 keer hoger dan bij normale muizen. Doordat de hoge 

concentraties LDL het LPS neutraliseren, produceren deze LDLR-/- muizen na 

inspuiting met LPS, in vergelijking tot gewone muizen, minder cytokinen. De sterfte in 
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het lethale endotoxinemie model en na een experimentele Klebsiella pneumoniae infectie 

is ook minder. 

In Hoofdstuk 9 t/m 11 worden vervolgens verschillende aspecten van de interactie 

tussen LPS en lipoproteïnen besproken. In Hoofdstuk 9 tonen we aan dat er minimaal 4 

tot 8 uur contact nodig is tussen LPS en LDL voordat een significant effect merkbaar is. 

Daarentegen neemt de interactie tussen LPS en de cellulaire receptoren die cytokine 

productie induceren, aanmerkelijk minder tijd in beslag. Dit verklaart waarom in 

normale omstandigheden endogene lipoproteïnen onvoldoende kunnen beschermen tegen 

de negatieve gevolgen van endotoxinemie. Bij hogere lipoprotéine concentraties 

(hyperlipoproteïnemie) en dus een molaire overmaat van de lipoproteïnen t.o.v. LPS, 

wordt de LPS-lipoproteïne interactie versneld; aldus beschermt hyperlipoproteïnemie 

wel tegen infecties met Gram-negatieve infecties. In Hoofdstuk 10 wordt aangetoond dat 

van de LDL-subfracties, LDL3 en LDL2 actiever zijn dan de LDL1 subfractie. In 

Hoofdstuk 11 tonen we vervolgens aan dat lipoproteïne(a) (Lp(a)), een apo(a) bevattend 

molecuul vergelijkbaar met LDL, ook LPS kan neutraliseren. Omdat de Lp(a) 

plasmaconcentratie genetisch is bepaald en bij mensen tot een factor 100 kan 

verschillen, heeft deze bevinding mogelijk wel klinische consequenties. 

Omdat lipoproteïnen niet alleen de cytokine productie kunnen beïnvloeden door 

neutralisering van LPS, maar ook door directe veranderingen in cytokine producerende 

cellen, wordt dit laatste facet in Hoofdstuk 12 t/m/14 onder de loep genomen. De 

gedachte hierbij is onder andere dat proinflammatoire cytokinen een belangrijke rol 

spelen bij de eerste fase van athérosclérose. Aldus kan een versterkt vermogen tot 

proinflammatoire cytokine productie door cellen van patiënten met een 

hyperlipoproteïnemie de vroegtijdige atherogenese bij deze patiënten verklaren. In 

Hoofdstuk 12 tonen we eerst aan dat cellen van LDLR-/- muizen na in-vitro stimulatie 

met LPS een verhoogde cytokine productie hebben. Dit effect wordt door de 

CDllc/CD18 receptor gemediëerd. In Hoofdstuk 13 laten we vervolgens zien dat 

mononuclaire cellen van patiënten met een homozygote familiaire hypercholesterolemie 
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(FH), dat is een erfelijke ziekte waarbij de LDL-receptor niet functioneel is, op dezelfde 

wijze reageren. Cellen van patiënten met een heterozygote FH, een aandoening waarbij 

de lipoprotéine plasma concentratie slechts matig is verhoogd, hebben daarentegen een 

normale cytokine productie capaciteit (Hoofdstuk 14). 

In Hoofdstuk 15 en 16 onderzoeken we vervolgens een ander verschijnsel dat van 

belang kan zijn voor het gebruik van lipoproteïnen als adjuvante therapie bij septische 

shock. Bekend is dat een micro-organisme als Candida albicans beter in-vitro groeit 

wanneer het medium is verrijkt met lipiden. In Hoofdstuk 15 evalueren we daarom het 

effect van lipoproteïnen op een experimentele Candida infectie. Hier tonen we aan dat 

LDLR-/- muizen een verhoogde gevoeligheid hebben voor deze infectie. In Hoofdstuk 

16 laten we zien dat Candida albicans ook beter groeit in plasma van vrijwilligers bij 

wie gereconstituëerd HDL is geïnfundeerd. Omdat klinisch een Gram-negatieve sepsis 

en een Candida-sepsis niet te onderscheiden zijn, onderstrepen deze bevindingen dat 

alvorens tot toepassing van lipoproteïne-therapie bij Gram-negatieve sepsis mag worden 

overgegaan, de differentiële diagnose met een Candida infectie van cruciaal belang is. 

In het vierde deel van het proefschrift (Hoofdstuk 17 t/m 19) worden een aantal 

aspecten van de interacties tussen cytokinen onderzocht, omdat de synthese van 

proinflammatoire cytokinen ook blijkt te worden beïnvloed door andere cytokinen. 

Inductie van LPS gestimuleerde cytokine productie wordt, vooral bij lagere LPS 

concentraties, voornamelijk gemediëerd door CD14, de belangrijkste LPS-receptor op 

de celmembraan. In Hoofdstuk 17 tonen we aan dat de LPS geïnduceerde 

proinflammatoire cytokine productie inderdaad merendeels door CD14 wordt 

gemediëerd. In tegenstelling tot de productie van TNF verloopt de synthese van IL-1 

echter ook via andere receptoren. 

In-vivo wordt het effect van cytokinen voor een belangrijk deel gereguleerd doordat het 

buitenste deel van de receptor voor deze cytokinen op effector-cellen in oplossing kan 

gaan. Dit proces dient twee doelen: de effector-cel verliest op deze manier haar 
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receptoren én de opgeloste receptoren kunnen in oplossing ook cytokinen neutraliseren. 

In Hoofdstuk 18 wordt echter aangetoond dat er nog een derde werking is van deze 

opgeloste receptoren. Het oplosbare deel van de IL-1 receptor type I (sIL-lRI), kan ook 

IL-la induceren. Deze opvallende dubbel-functie van sIL-lRI, te weten neutralisatie 

van IL-1 activiteit in de circulatie en stimulatie van IL-la synthese locaal, onderstreept 

nog eens het fysiologische belang van paracrine en autocrine effecten van IL-la. 

Granulocyte colony-stimulating factor (G-CSF) is een cytokine dat het aantal 

granulocyten in de bloedbaan doet toenemen en hun functie stimuleert. Bovendien kan 

G-CSF de proinflammatoire cytokine synthese remmen. In Hoofdstuk 19 onderzoeken 

we het effect van G-CSF op experimentele Candida albicans infecties. G-CSF blijkt 

voor deze infecties beschermend te werken waarschijnlijk voornamelijk door activatie 

van de granulocyten. 

Verschillende metabole producten blijken eveneens de cytokine productie te kunnen 

beïnvloeden. Hoofdstuk 20 beschrijft cytokine patronen na inductie van neutropenic. 

Opvallend is dat nu, bij lage aantallen circulerende Ieucocyten, de cytokine 

concentraties verhoogd zijn. Aldus blijken niet de in het bloed circulerende Ieucocyten 

maar cellen in de weefsels verantwoordelijk voor de systemische cytokine concentraties. 

In dit model bleek vooral de hyperuricemie die tijdens de inductie van de neutropenic 

onstond, de belangrijkste factor voor de verhoogde cytokine synthese. 

In Hoofdstuk 21 wordt ingegaan op de rol van cytokinen bij het ontstaan van type I 

diabetes mellites (IDDM). We laten zien dat het evenwicht tussen de pro- en anti-

inflammatoire cytokine productie bij recent gediagnosticeerde IDDM verschoven is in 

de richting van de eerste. Mogelijk weerspiegelt dit de Pathogenese van deze ziekte, 

waarbij proinflammatoire cytokinen verantwoordelijk geacht worden voor de destructie 

van de ß-cellen in de alvleesklier. 
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Concluderend kunnen we stellen dat dit proefschrift de cruciale rol van 

proinflammatoire cytokinen in de immuunrespons opnieuw onderstreept. Een 

evenwichtige regulatie van de pro- en antiinflammatoire processen is bij deze 

immuunrespons van eminent belang. Aldus is een optimale controle van de cytokine 

productie noodzakelijk. Fouten in deze controle hebben belangrijke gevolgen voor het 

ontstaan van ziekten waaronder infecties en auto-immuunziekten. Een beter inzicht in de 

rol en de regulatie van de proinflammatoire cytokinen is noodzakelijk teneinde deze 

processen therapeutische te kunnen moduleren. 

Het doel van dit proefschrift was om enkele aspecten van deze regulatie en modulatie te 

onderzoeken. Naast medicamenten, lipoproteïnen, cytokinen en andere metabole 

producten zijn naar alle waarschijnlijkheid nog veel meer factoren bij deze regulatie 

betrokken. Aldus hebben we slechts enkele stukjes van deze ingewikkelde puzzel op hun 

plaats kunnen leggen. 
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SUMAR SI CONCLUZII 

Citokinele proinflamatorii sunt proteine cu greutate moleculara mica, sintetízate in 

timpul activara sistemului imun, si саге au cafiinctie principala modularea raspunsului 

imun umoral si celular. О sinteza adecvata a citokinelor proinflamatorii este cruciala 

pentru activarea sistemului imun in timpul unei infecta, iar absenta lor in animale 

modifícate genetic are ca rezultat o susceptibilitate crescuta pentru infectii cu diversi 

patogeni. Doua dintre cele mai importante citokine proinflammatorii sunt factorul de 

necrza tumorala (TNF) si interieukina-1 (IL-1). Ele au capacitatea de a stimula functiile 

antimicrobiale aie neutrofilelor si macrofagelor, sa induca expresia moleculelor de 

adeziune si sa stimuleze productia de chemokine responsabile de directionarea migrarii 

leucocitare spre focarul de infectie, cresc expresia complexului major de 

histocompatibilitate si activeaza limfocitele T, si sunt responsabile de stimularea 

sintezei proteinelor de faza acuta. Datorita acestor efecte deosebit de importante, 

citokinele proinflamatorii sunt absolut necesare pentru dezvoltarea unui raspuns imun 

normal in timpul unei infectii. 

In contrast cu aceste efecte benefice ale sintezei locale de citokine proinflamatorii, 

elaborarea unor cantitati crescute de citokine avind ca si consecinta eliberarea unor 

cantitati apreciabile in torentul sanguin poate avea consecinte negative. Atunci eind 

concentratale plasmatice ale TNF si/sau IL-1 sunt putemic crescute in timpul unei 

infectii, acestea au efecte toxice asupra endoteliului vascular, rezultind in extravazarea 

lichidului in interstitii, hipotensiune, coagulare intravasculara diseminata, insuficienta 

organica multipla, care incazuri severe poate ajunge pina la soc septic si deces. In ciuda 

existentei unor antibiotice deosebit de efective, mortalitatea in socul septic a ramas 30-

40%, iar concenptul actual este ca supraproductia de citokine proinflamatorii este 

responsabila de aceasta rata indicata a mortaliatatii. Tratamentul animalelor cu anticorpi 

anti-citokine sau cu anatgonisti ai actiunii acestora are efecte benefice in diverse modele 

experiméntale de soc septic, fapt care a sugerat posibilitatea modulara productiei 



Sumar si concluzii 409 

citokinelor proinflamatorii cu efecte benefice in socul septic la pacienti. In ciuda 

optimismului initial, trialurile clinice avind ca scop blocarea productiei sau actiunii 

citokinelor proinflamatorii au dus la rezultate inconcluzive. A devenit tot mai ciar ca 

exista insuficiente informata privind reglarea sintezei citokinelor in diverse procese 

patologice, si mult mai mult trebuie cunoscut privind aceste aspecte inainte ca 

modularea sintezei citokinelor sa poata fi folosita cu succes in scop terapeutic. Scopul 

tezei de fata este acela de a investiga citeva aspecte ale modularli citokinelor 

proinflamatorii, respectiv modularea sintezei acestora de catre variati factori fiziologici 

(lipoprotéine, compusi metabolici sau citokine) sau farmacologici (compusi 

medicamentosi). 

Pentru a putea studia eficient sinteza de citokine proinflamatorii in variate situatii 

patologice, existenta unei metode adecvate de evaluare a capacitatii de productie a 

citokinelor de catre celulele organismului gazda este deosebit de importanta. O mctoda 

simpla si reproductible de masurare a capacitatii de productie a citokinelor este 

prezentata in capitolul 2 al tezei. Capacitatea de productie a citokinelor este evalúala 

prin radioimunodozare, dupa stimularca in vitro a unor cantitati minime de singe 

prélevât prin punctie venoasa. Modularea sintezei citokinelor la nivelul transcriptiei este 

realizata prin revers transcrieirea ARN-ului mesager in ADN si multiplicarea acestuia 

(RT-PCR). Aplicarea practica a acestei metode la pacienti cu febra tifoida sau la 

voluntari dupa un efort fizic sustinut demonstreaza valoarea practica a acestei metode. 

Modularea citokinelor proinflamatorii de catre produsi farmacologici. In cea de a 

doua parte a tezei, cuprinzind capitolele 3-7, este investigata capacitatea de modulare a 

productiei de citokine proinflamatorii a citorva medicamente frecvent folosite in 

practica medicala. Astfel, in capitolul 3 este studiai efectul aspirine! (acid acetil 

salicilic) asupra productiei de TNF si interferon-gamma (IFN). Este bine cunoscut 

efectul inhibitor al aspirinei asupra sintezei de Prostaglandine. Intru-cit prostaglandinele 

au la rindul lor efecte inhibitorii asupra sintezei de citokine, ipoteza de lucra a acestui 

studiu a fost aceea ca aspirina ar putea avea un efect de stimulare asupra sintezei TNF si 



410 Chapter 22 

DFN. Intr-adevar, atunci cind un grup de voluntan au fost tratati cu aspirina pentru 3 

zile, capacitatea de productie a citokinelor proinflamatorii a acestora a fost semnificativ 

crescuta la 1 si 7 zile dupa tratament, in comparatie cu valoarea bazala masurata anterior 

tratamentului. In concluzie, utilizarea de medicamente antiinflamatorii nesteroidiene 

poate avea ca efect stimularea productiei de citokine, si aceasta trebuie intotdeauna luata 

in calcul atunci cind se evalueaza citokinele la voluntari sau pacienti. 

In capitolul 4 este studiata capacitatea de inhibare a sintezei TNF si IL-1 de catre 

clorpromazin, pentoxifilina si talidomida, precum si capacitatea acestora de a proteja 

animalele in diverse modele expérimentale de soc septic. Desi toti cei 3 compusi au 

inhibât sinteza de citokine proinflamatorii si au avut efecte protective in socul septic 

produs prin injectarea intravenoasa de lipopolizaharid (LPS), nici un beneficiu nu a 

putut fi observât in infecctia cu o bacterie gram-negativa precum Klebsiella 

pneumoniae. Mai mult, inhibarea productiei de citokine proinflamatorii a avut efecte 

adverse in infectia cu Candida albicans. Aceste rezultate subliniaza diferenta dintre 

modélele artificiale de soc septic (precum infuzia intravenoasa de endotoxina) si infectia 

cu germeni vii. 

Diferentele importante dintre experimentele in vitro sau in modele experiméntale si 

situatia la om este de asemenea exemplificata in capitúlele 5 si 6 ale tezei de fata, in care 

a fost studiai efectul clorpromazinului, captoprilului si valsartanului asupra sintezei de 

citokine. In timp ce toate cele 3 medicamente au inhibât seminificativ sinteza 

citokinelor in vitro, nici unul dintre eie nu a avut acelasi efect inhibitor atunci cind a fost 

administrât in vivo la voluntari. Concentratine plasmatice ale acestora dupa 

administrarea unor doze terapeutice nu sunt sufient de mari pentru a putea influenta 

sinteza de citokine. 

Capitolul 7 investigheaza efectul amfotericinei B, unul dintre cele mai uzuale 

medicamente antimicotoce, asupra sintezei de citokine. Este bine cunoscut faptul ca 

administrarea de amfotericina В este deseori insotita de efecte adverse precum febra si 
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frisoane, si s-a sugerat ca acestea s-ar datora stimularii productiei de citokine de catre 

amfotericina B. In capitolul 7 al tezei este demonstrat faptul ca amfotericina В poate 

produce un dezechilibru in balanta citokinelor pro- si antiinflamatorii, cu o 

superproductie a primelor si o relativa deficienta a celor din urma. 

Modularea citokinelor proinflamatorii de catre lipoprotéine. Unul dintre cei mai 

potenti stimuli ai sintezei de citokine proinflamatorii este reprezentat de catre 

componenta lipopolizaharidica (LPS) a peretelui celular al bacteriilor gram-negative. 

Acesta este eliberat in circulatie in timpul infectiilor cu gremeni bacterieni gram-

negativi, si atunci cind este prezent in cantitati apreciabile reprezinta un factor de rise 

pentru dezvoltarea socului septic. Un factor determinant pentru amploarea consecintelor 

eliberarii LPS in circulatie este reprezentat de catre lipoproteinele plasmatice. Relativ 

recent a fost demonstrata capaci talea acestora de a neutraliza intr-un mod nespecific 

moleculele de LPS prezente in torentul sanguin. Acest efect al lipoproteinelor poate fi 

benefic in timpul unei infectii severe cu germeni gram-negativi. A treia parte a tezei 

studiaza interactiunea lipoproteinelor cu LPS, si eventualele consecinte asupra cursului 

unor modele expérimentale de soc septic. 

In capitolul 8 este investigai efectul hyperlipoproteinemiei asupra sintezei citokinelor 

proinflamatorii induse de carré LPS, si rezultatul acestei interactii asupra socului septic 

indus de injectarea cu LPS sau infcctarea animalelor de experienta cu bacteria gram-

negativa Klebsiella pneumoniae. Ca si model experimental de hyperlipoproteinemie au 

fost folositi soareci modificati genetic in care receptorul lipoproteinelor cu densitate 

scazuta (LDL) este nefunctional (LDLR-/-). Ca urmare a acestui defect, clearance-ul 

LDL este foarte mult incetinit, iar aceste animale au concentrata plasmatice ale LDL de 

7-9 ori mai mari decit animatele control. Atunci cind soarecii hyperlipoproteinemiei 

LDLR-/- sunt injectati cu LPS, ei sintetizeaza seminificativ mai putine citokine, ca 

urmare a neutralizara LPS de catre lipoprotéine. In consecinta, aceste animale au о 

rezistenta crescuta atit la injectarea de LPS, cit si imporriva infectiei expérimentale cu 

Klebsiella pneumoniae. 
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Diverse aspecte ale interactiunii dintre LPS si lipoprotéine sunt investigate in capitúlele 

9-11. In capitolul 9 este demonstrat faptul ca interactiunea LPS-lipoproteine are nevoie 

de minim 4-8 ore pentru a avea un efect seminificativ, timp in care LPS a fost deja 

capabil sa interactioneze cu receptora celulari si sa induca sinteza de citokine. Acest 

fapt explica de ce lipoproteinele endogene nu sunt suficiente pentru a proteja impotriva 

efectelor negative ale eliberarii de LPS in circulatie. Pentru a fi efective, lipoproteinele 

trebuie sa se gaseasca intr-un exces molar apreciabil, iar in acest caz interactiunea LPS-

lipoproteine este mult mai rapida, cu efecte benefice ale hyperlipoproteinemiei in 

infectiile cu germeni gram-negativi. Capitolul 10 arata ca dintre multiplele subfractii de 

LDL, subfractia LDL3 este mai activa in inactivarea LPS fata de subfractia LDL1, in 

timp ce LDL2 au о capacitate intermediara de inactivare a LPS. In capitolul 11 este 

demonstrat faptul ca lipoproteina (a) (Lp(a)), o molécula asemanatoare LDL dar care 

poseda in plus apolipoproteina (a), este deasemenea capabila sa neutralizeze LPS. Acest 

fapt poate avea о relevanta crescuta avind in vedere faptul ca nivelul plasmatic al Lp(a) 

este déterminât genetic, iar concentratii plasmatice diferind de 100 de ori pot fi gasite in 

diferite persoane. Asfel, concentratia Lp(a) poate reprezenta un factor important in 

capacitatea componentilor plasmatici de neutralizare a LPS. 

Capitúlele 12-14 se adreseaza unui fenomen complementar. Lipoproteinele pot 

reactiona nu mimai cu LPS, ducind la neutralizarea acestuia, dar si cu celulele 

producatoare de citokine. In aceste capitole este examinata interactiunea dintre 

lipoprotéine si celulele care sintetizeaza citokine, si efectul acestei interactiuni asupra 

reactivitatii celulelor dupa stimularea cu LPS. Asa cum se demonstreaza in capitolul 12, 

celulele soarecilor LDLR-/- stimulate in vitro cu LPS au a о capacitate crescuta de a 

produce citokine, efect médiat de receptorul CD1 lc/CD18. In acealasi mod, celulele 

mononucleare ale pacientilor homozigoti cu hypcrcholesterolemie familiala (FH) - о 

boala genetica in care pacientii au un receptor LDL nefunctional si valori deosebit de 

ridicate ale concentratiei LDL - raspund de asemenea cu о sinteza crescuta de citokine 

(capitolul 13). In contrast, pacientii heterozigoti cu FH au о sinteza nórmala de citokine, 
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probabil datorita concentratiilor plasmatice de lipoprotéine care sunt doar moderat 

crescute (capitolul 14). Intru-cit citokinele proinflamatorii au deasemenea un rol 

important in primele faze ale procesului de ateroscleroza, aceasta capacitate crcscuta a 

celulelor pacientilor hypercolesterolemici de a sintetiza citokine poate reprezenta unul 

din mecanismele prin care acest grup de pacienti dezvolta ateroscleroza precoce. 

In capitolele 15 si 16 este investigat un alt fenomen important pentru posibilitatea 

folosirii inftiziei eu lipoprotéine ca si tratament in socul septic cu bacterii gram

negative. A fost anterior demonstrat ca uncle microorganisme, precum Candida albicans 

sau Stafilococul aurcu, au capacitatea de a creste mai bine in medii bógate in lipide. Din 

acest motiv, precum si din cauza ca uneori este difícil de a face un diagnostic diferential 

sigur intre un soc septic produs de o bacterie gram-negativa sau candidoza sistemica, in 

capitolele 14 si 15 am évaluât efectul lipoproteinelor asupra infectiei expérimentale cu 

Candida albicans. In capitolul 15 este demonstrata sensibilitatea crescuta a soarecilor 

hipercolestrolemici la infectia cu Candida, iar in capitolul 16 se arata ca multiplicarea 

acestei ciuperci este crescuta in plasma unor voluntari care au primit intravenös 

molecule artificiale de lipoprotéine cu densitate scazuta (HDL). Aceste doua studii 

subliniaza importanta excluderii diagnosticului de candidoza sistemica atunci cind este 

considerata ca benefica infuzia de lipoprotéine la pacienti cu soc spetic produs de 

germeni gram-negativi. 

Interactiuni intre diverse citokine. Sinteza citokinelor proinflamatorii este influentata 

de multipli factori fiziologici sau farmacologici, dar unul dintre cei mai importanti 

factori este reprezentat de alte citokine care se pot influenta reciproc intr-un sistem 

extrem de complex. In a patra parte a tezei (capitolele 17-19) sunt investigate citeva din 

aspectele acestor interactiuni. Cel mai important dintre receptorii celulari ai LPS este 

CD14. Acesta este considérât a fi raspunzator de majoritatea productiei de citokine 

stimulata de catre LPS, in special la concentrata scazute ale endotoxinei. Cu toate 

acestea, unele date din literatura de specialitatc sugereaza ca exista si mécanisme 

independente de stimulare prin CD 14 care pot induce sinteza de citokine in urma 
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stimularii celulelor de catre LPS. Importanta CD 14 pentru sinteza de citokine indusa de 

LPS este explorata in capitolul 17. In acest capítol se demonstreaza ca CD14 este intr-

adevar deosebit de important atit pentru sinteza a TNF, cit si a IL-1. Cu tóate acestea, in 

special in cazul IL-1, stimularea prin mécanisme independente de CD 14 este de 

asemenea foarte importanta pentru a obtine sinteza optima a acestei citokine. 

Unul dintre mecanismele cele mai importante prin саге este modulata actiunea 

citokinelor proinflamatorii este eliberarea in circulatie a componentei extracelulare a 

receptorilor lor. Acestia pot lega respectivele citokine in faza solubila si astfel pot 

contribuí la inactivarea lor, antagonizindu-le actiunile la nivel celular. In capitolul 18 al 

tezei este demostrata о noua functie a receptorului solubil tip I al IL-1 (sIL-lRI), si 

anume inducerea eliberarii de IL-la din celulele mononucleare in vitro. Acelasi efect a 

fost observât si in vivo dupa injectarea intravenoasa a sIL-lRI. Aceasta functie 

surprinzatoare a sIL-lRI poate avea о importanta aparte la nivel tisular, acolo unde 

efecte paracrine si autocrine ale IL-Ια sunt de asteptat. 

Factoral de stimulare al coloniilor de granulocite (G-CSF) este о citokina a carei functie 

principala este aceea de a stimula multiplicarea precursorilor celulari ai granulocitelor, 

eu cresterea numarului acestora in circulatie. In plus fata de acest efect, G-CSF are si о 

actiune de inhibare a sintezei citokinelor proinflamatorii. Efectul G-CSF in infectia 

experiméntala cu Candida albicans este investigat in capitolul 19. Datorita efectului de 

stimulare a activitatii granulocitare, tratamentul cu G-CSF s-a dovedit efectiv in a 

proteja animalele de experienta imporriva candidozei sistemice. Raspunsul la intrebarea 

daca G-CSF a avut efecte asupra sintezei de citokine este de asemenea pozitiv, G-CSF 

dovedindu-se un inhibitor putemic al productiei de citokine proinflamatorii. 

Citokinele proinflamatorii in patologia metabolica. In plus fata de factorii prezentati 

mai sus, diversi produsi metabolici pot deaemenea influenta producila de citokine. In 

capitolul 20 al tezei este aratat ca nivelul plasmatic al citokinelor proinflamatorii este 

ridicat in neutropenic, in ciuda nmarului extrem de scazut al leucocitelor circulante. 
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Aceasta demonstreaza ca sursa principala de citokine proinflamatorii nu este 

reprezentata de lcococitele din torentul sanguin, ci de macrofagele tisulare. In plus se 

arata ca hiperuricemia ce apare in timpul neutropeniei este in mare masura responsabila 

de activarea macrofagelor, rezultind in sinteza unor cantitati crescute de citokine. 

Rolul citokinelor proinflamatorii in patogeneza diabetului zaharat insulino-dependent 

(DZID) a fost discutât deosebit de mult in ultimii ani in litaratura de specialitate. In 

capitolul 21 al tezei se arata ca la pacientii nou diagnosticati cu DZID exista un 

dezechilibru intre sinteza citokinelor pro- si antiinflamatorii, in favoarea celor dintii. In 

acest fel, citokinele proinflamatorii precum TNF, dar mai ales IL-1, pot determina 

lezarea celulelor β producatoare de insulina din pancreas si contribuí la aparitia 

diabetului autoimun. 

Concluzii 

Asa cum au arata numeroase studii, citokinele au un roi crucial in activarea optima a 

raspunsului imun. Ca orice sistem biologie insa, si in special datorita complexitatii sale 

extreme, reglarea optima a productiei citokinelor in diverse situatii este susceptibila 

erori. Datorita importantei majore a citokinelor in cadrul sistemului imun, aceste erori 

pot avea efecte importante in diverse boli, de la infectii si pina la boli autoimune si 

neoplazice. О mai buna intelegere a functionarii acestor procese are un roi crucial daca 

se doreste gasirea unor strategii terapeutice apte sa corecteze malfunctiile din modularea 

productiei de citokine proinflamatorii. 

Scopul tezei de fata a fost acela de a investiga citeva dintre aspectele modularli 

citokineleor proinflamatorii. Sunt prezentate argumente pentru rolul jucat de 

lipoprotéine, metaboliti, citokine si produsi farmacologici in modularea citokinelor 

proinflamatorii, dar multi alti factori sunt implicati in aceste procese. Ar fi fost practic 

imposibil ca toti, sau chiar majoritatea acestor factori sa fie investigati. Scopul nostra a 

fost doar acela de a contribuì la efortul comun de cunoasterc a mecanismelor prin care 

functioneaza organismul uman in general, si sistemul imun in particular. Este nevoie de 
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inca mult efori pentru a intelege mnctionarea sistemului imun, dar acest efort va trebui 

sa continue pentru a invata cum putem ajuta sistemul imun sa lupte in numele nostra. 



Dankwoord 417 

Dankwoord 

Hoewel dit het laatste hoofdstuk van dit proefschrift is, zijn deze bladzijden de 

belangrijkste van dit boekje. Deze studies staan weliswaar op mijn naam, maar zonder 

de hulp van velen had dit onderzoek niet gedaan kunnen worden. 

Eerst wil ik u, Prof. Van der Meer, bedanken. U heeft mij vaak gezegd dat ik Jos moet 

zeggen. Maar u blijft voor mij Prof. Van der Meer omdat ik u als mijn echte mentor 

beschouw, met alles wat dat betekent: vertrouwen, steun, uitstekende wetenschappelijke 

begeleiding en vooral vriendschap. Ik voel me gelukkig dat ik uw promovendus was. 

Hartelijk dank, Bart-Jan. Jouw kon ik met mijn vragen altijd storen (en er waren veel 

vragen). Jij was altijd behulpzaam en eerste adviseur. Beste Anton en Pierre. Toen jullie 

ons voorgesteld hebben om samen een paar experimenten met de LDLR-/- muizen te 

doen, wist ik nog niet dat lipoproteinen onderzoek een van de rijkste bronnen van 

nieuwe ideëen voor mijn proefschrift zou worden. Dank jullie voor de introductie en 

begeleiding in dit heel interessant gebied. 

Marcel, jouw heb ik ervaren als iemand die altijd bereid was tot een stimulerende 

discussie over de wetenschap of het leven. Maar ik wil jouw en Catherine vooral 

bedanken voor jullie steun en hulp in waarschijnlijk de moelijkste maar zeker ook de 

mooiste periode van ons leven tot nu toe. 

De eerste jaren in Nijmegen kreeg ik veel steun en hulp van jouw, Willem. En dat was 

nodig. Willem, je was een fijne vriend en een prima begeleider. 

Beste Ineke, Trees, Liesbeth, Anneke, Johanna en Magda. Jullie hebben ongelooflijk 

veel werk voor mij gedaan. Dank jullie wel voor die ondersteuning. Iedereen van het 

lab, hartelijk dank voor jullie hulp en gezelligheid. 
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Mijn dierexperimenten waren mogelijk dankzij jullie hulp en expertise: Margo, 

Monique, Piet, Theo, Geert, Yvette en Jos. Jo en Jacques, bedankt. Otto, jij was altijd 

aanwezig toen ik een raar experiment met radioactieve stoffen wilde doen. Louis van de 

Locht en Cor Jacobs, ook bedankt. Michiel, Chantal, Alieke, Anita en Nathalie, het 

werken met jullie was heel plezierig. 

Reinout en Natasja, jullie waren prima kamergenoten en altijd behulpzame vrienden. 

Veel stimulerende ideëen en vruchtbare discussies had ik met jullie, Dr. Jos Lutterman, 

Prof. Charles Dinarello, Prof. Theo Thien, Prof. Nicolae Hancu, Monique Keuter, Joost 

Drenth, Adrian Puren. 

Hier wil ik mijn ouders bedanken. Ze waren mijn steun en begeleiders voor meer dan 

twintig jaren. Parintilor mei Ie multumesc din suflet din suflet pentru tot ajutorul dat si 

ceea ce m-au invatat acesti ani, fiindca de acolo a pomit totul. 

Aan mijn schoonouders, bedankt voor jullie vertrouwen en hulp. Socrilor mei, Ie 

multumesc pentru ajutorul continuu si increderea pe care au avut-o in mine. 

Tenslotte wil ik mijn twee bijzondere meisjes bedanken: Romana en Stejara. Niet alleen 

voor jullie hulp, steun, vertrouwen en geduld, maar vooral voor jullie liefde. Jullie 

hebben alles mogelijk en gemakkelijk gemaakt. Stejara, tu nu stii inca cit m-ai ajutat, 

dar datorita tie tot ce fac a capatat un sens. Desi iti multumesc ultima, Romana, tie iti 

datorez cel mai mult, si nu numai pentru ajutor, rabdare, incurajari, incredere, dar mai 

ales pentru dragoste. 
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Mihai Gheorghe Netea, de schrijver van dit proefschrift, werd op 25 December 1968 in 

Cluj-Napoca, Roemenie, geboren. Hij is gehuwd met Romana en heeft een dochtertje, 

Stejara. 

In 1986 heeft hij zijn studies aan het "Emil Racovita" Wiskunde en Natuurkunde 

Lyceum te Cluj-Napoca, afgerond. Tussen 1987 en 1993 heeft hij zijn medische 

opleiding aan het Faculteit Geneeskunde Cluj-Napoca gedaan. 

In 1990 kreeg hij een beurs van de Universiteit van Amsterdam voor het Amsterdam 

Summer University. De volgende 3 jaren heeft hij 3 maanden als student onderzoek 

gedaan in het Lab Interne Geneeskunde, Academisch Ziekenhuis Nijmegen, onder de 

begeleiding van Prof. J.W.M. Van der Meer. 

Van februari t/m september 1994 was hij verbonden aan de Diabetes afdeling (hoofd: 

Prof. N. Hancu) van het academisch Ziekenhuis Cluj-Napoca. In deze periode was hij 

betrokken in een onderzoek over het belang van proinflammatoire cytokinen in type I 

diabetes. 

Vanaf oktober 1994 werkt hij als arts-onderzoeker op de Afdeling Algemene Interne 

Geneeskunde (hoofd: Prof. J.W.M. Van der Meer). In deze periode werd het in dit 

proefschrift beschreven onderzoek verricht. 

In het najaar van 1997, heeft hij twee maanden wetenschappelijke stage in het lab van 

Prof. C. Dinarello (University of Colorado, Division of Infectious Diseases) gedaan. Hij 

deed onderzoek naar de eigenschappen van intcrleukine-18 in het kader van het 

immuunstelsel. 
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1 Proinflammatoire cytokinen kunnen zowel nuttig en schadelijk zijn voor het organisme, 

afhankelijk van hun plaats het moment en de kwantiteit 

2 Belangrijker dan de absolute concentratie is de balans tussen pro- en anti-inflamatoire 

cytokinen tijdens ziekte 

3 Ten aanzien van de modulatie van cytokinen door geneesmiddelen bestaat er een 

discrepantie tussen de bevindingen in vitro en in diermodellen enerzijds en de situatie in 

vivo bij mensen anderzijds 

4 De inductie van TNF en IL-1 door LPS wordt verschillend gereguleerd zowel op 

receptorniveau als op het niveau van de intracellulaire signalen 

5 Stnkt genomen is IL-1 Ra geen cytokine, maar een acute fase eiwit met 

receptorblokkerende eigenschappen 

6 Lipoproteinen neutraliseren LPS traag alleen bij een grote molaire overmaat is er een 

neutralisatieeffect van klinisch belang 

7 Voordat men lipoproteinen-infusie voor de behandeling van sepsis wordt mgestelt, 

dient systemische candidiasis te worden uitgesloten 

8 Het onderliggende defect van familiaire gecombineerde hyperlipidemie is waarschijnlijk 

een gen met pleiotrope effecten op zowel LDL-pankelgrootte als apohpoproteine B-

concentratie 

(Hank Juo, Bredie et al - Am J Hum Gen) 

9 De vaatwandikte van de a carotis is bi| de patiënten met sterk verhoogde 

plasmaconcentraties van homocysteine en verhoogd atherosclerose-nsico niet verdikt, 

111 die van patiënten met familiaire hypeicholesterolemie 

(Smilde et al - submitted) 



10 Lipoproteine (a) is net zo potent als LDI voor de ncutralizatie van endotoxine 

11 Referenten voor medische biologischtijdschnften zijn vaak gemakkelijker te epateren 

met niet zeer relevante PCR gegevens, dan met een antwoord op een simpele doch 

relevante biologische vraag 

12 There is a certain fixity among scientists to confuse contemporary scientific theories 

with the underlying reality itself 

Michael Cnchton 

И The scientific method without enthousiasm anticipation the jump in the dai kness, 

gives only middling results 

Mircea Eliade 

14 Science, like art, is not a copy of nature, but a recreation of her 

Jacob Bronowski 

15 Een Roemeen in Nederland is als een boom wortels in de rijke aarde van het oosten en 

de bladeren in de zon van hel westen 

16 Een interessante beroep is belangrijk een fijne familie is belangrijker 

17 There is one true adventure in life to fight the good fight 








