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ChapterChapter 1 

1.. Introductio n 

Thee immune system protects the host against invading infectious pathogens. This host 

responsee involves the complex interaction of immune cells and inflammatory mediators. 

Thee immune system is composed of two major components, the innate or non-specific 

immunityy and the adaptive or specific immunity. Innate immune responses form the first 

linee of defense, and are mediated predominantly by phagocytic cells, like monocytes, 

macrophagess and neutrophilic granulocytes. These cells aspecifically target invading 

pathogenss by internalizing the microorganism and subsequently killing them. Also, these 

cellss present antigens to T lymphocytes. The adaptive immune response is characterized by 

itss ability to specifically recognize pathogens. These responses are initiated by B and T 

lymphocytes,, and are based on the expression of receptors for a specific antigen. Moreover, 

thee adaptive response is able to remember the infectious agent and improves on repeated 

challengee with the same pathogen, or can even prevent it from causing disease later. B cells 

eliminatee pathogens by the release of antibodies which specifically bind to the antigen that 

initiall yy activated the B cells. T lymphocytes are divided into various types with different 

activitiess of which the CD4+ T helper (Th) cells and the CD8+ cytotoxic T cells represent 

thee main groups. T helper cells can be subdivided into two subsets of CD4+ T cell clones: 

Thll  cells, that contribute to cell-mediated immune responses and are important to eliminate 

intracellularr pathogens like mycobacteria, parasites and viruses, and Th2 cells that stimulate 

BB cells to proliferate and to produce antibodies (humoral immune responses), which are 

mainlyy effective against extracellular pathogens (1). The characteristics of Thl and Th2 

cellss are discussed in more detail below. 

Cytotoxicc T cells, together with natural killer (NK) cells, are the effector cells of cell-

mediatedd immunity (2). These cytotoxic lymphocytes (CL) form an essential defense 

againstt intracellular pathogens, and against tumor cells. Cytotoxic T cells recognize specific 

antigenss presented by MHC molecules on target cells. NK cells are large granular 

lymphocytess that lyse target cells without classical restriction by MHC molecules, and are 

ann essential component of the innate immune system. CL-induced death of target cells is 

mediatedd either by Fas ligand, or by the granule exocytosis pathway, which involves the 

releasee of perforin and a family of serine proteases called granzymes from cytoplasmic 

granuless into the intercellular space between CL and the target cell (2-4). For an efficient 

immunee response, extensive interactions between the different immune responses are 

required.. Signaling between cells of the immune system occurs through direct cell-cell 

interactions,, which involves surface molecules on the interacting cells, and through 

inflammatoryy mediators like cytokines. 
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Introduction Introduction 

2.. Cytokines 

Cytokiness are a family of small (8-80 kD molecular weight) proteins that play an essential 

rolee in the regulation of the immune response (5). They function in a complex network in 

whichh they can influence each other production and activity. They are produced by a large 

varietyy of cells, including leukocytes, epithelial cells, endothelial cells, keratinocytes and 

fibroblasts,, in response to many immunologic and infectious stimuli. Often, cytokines are 

dividedd into 3 groups, i.e. pro-inflammatory cytokines, anti-inflammatory cytokines and 

solublee inhibitors of pro-inflammatory cytokines. Pro-inflammatory cytokines, of which 

tumorr necrosis factor-a (TNF) and interleukin-1 (IL-1) are studied most extensively, 

stimulatee inflammatory processes, and facilitate the immune response against invading 

pathogens.. Other proinflammatory cytokines are IL-2, IL-12, IL-18 and IFN-y. Several 

studiess in experimental models of infectious diseases have demonstrated the importance of 

locallyy produced proinflammatory cytokines for an adequate host response against bacteria. 

However,, excessive systemic release of pro-inflammatory cytokines during sepsis 

syndromee has been found to contribute to the development of tissue damage by activating 

off  the coagulation system, fibrinolysis and neutrophils. In contrast, anti-inflammatory 

cytokiness inhibit inflammatory responses by either a direct effect on immune cells, or by 

inhibitingg the production of proinflammatory cytokines. Members of the anti-inflammatory 

cytokinee family include IL-10 and IL-13. Soluble inhibitors act by inhibiting the activity of 

proinflammatoryy cytokines. They are naturally occurring inhibitors in the circulation, like 

solublee TNF receptors type I and II , soluble IL-1 receptor type II, IL-1 receptor antagonist 

(IL-1RA),, and IL-18 binding protein (IL-18BP) which specifically neutralize TNF, IL-1 

andd IL-18 activity respectively, by binding to circulating cytokines or by competition for 

theirr cell-membrane bound receptor without inducing signal transduction. Altogether, the 

balancee between proinflammatory cytokines and anti-inflammatory mediators determines 

thee net inflammatory activity of the cytokine network, and importantly regulates the host 

immunee response to infection. 

3.. The Thl/Th 2 balance 

3.11 Thl and Th2 cells 
CD4++ T cell subsets can be discriminated by their different activities and the pattern of 

cytokinee secretion (1). Thl cells specifically secrete IL-2, IFN-y and TNF-p, cytokines 

whichh are potent activators of cell-mediated immune responses. Th2 cells mainly produce 

cytokiness like IL-4, IL-5, IL-6, IL-10 and IL-13, which facilitate humoral immunity (6) 

(Figuree 1). Recently, it has been suggested that human Thl and Th2 cells can also be 
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distinguishedd by the cell surface expression of chemokine receptors. Thl cells 

preferentiallyy express CXCR3 and CCR5, while Th2 cells express CCR3 and CCR4 (7, 8). 

Althoughh many different factors influence Th differentiation, the local cytokine 

environmentt appears to be the most effective inducer (1). IL-12 promotes the differentiation 

off  Thl type cells, with IFN-y acting as a costimulus (9, 10). In contrast, IL-4 and IL-6 

stimulatee the differentiation into Th2 cells (11, 12). Interestingly, Thl and Th2 cytokines 

cann mutually inhibit the differentiation and effector functions of the reciprocal phenotype. 

Figuree 1. Schematic model for the differentiation of naive CD4+T ceils into Thl and Th2 cells. 

3.22 Cytokines involved in the Thl immune response 

Studiess in this thesis concentrated on cytokines involved in the Thl type immune response. 

IL-122 is a heterodimeric cytokine produced by monocytes, macrophages and other antigen-

presentingg cells (APCs) (10, 13). Besides its critical role in the Thl/Th2 balance, IL-12 also 

playss an important role in innate immunity by its stimulatory effects on T and NK cells, 

includingg stimulation of proliferation and cytotoxicity, and the production of cytokines, 

mostt importantly of IFN-y. Although IL-12 alone is a potent stimulator of IFN-y 

production,, it requires the presence of other monocyte/macrophage-derived cytokines, like 

TNF,, IL-1 (3, IL-2, IL-15 for optimal IFN-y release (14-16). 

12 2 
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Recently,, a novel cytokine IFN-y-inducing factor (IGIF), later named IL-18, was cloned 

andd found to be a potent IFN-y inducer (17). Besides its IFN-y-inducing capacity, IL-18 has 

beenn demonstrated to possess many proinflammatory activities on T and NK cells, some of 

whichh shared with IL-12 (18, 19). Importantly, IL-18 synergistically enhances IL-12-

stimulatedd IFN-y production from T and NK cells, and amplifies IL-12-induced activation 

off  Thl cells, hereby promoting cell-mediated immunity. In several studies in mice, the 

beneficiall  role of IL-12 and/or IL-18 has been demonstrated in experimental infections with 

intracellularr pathogens. Therefore, both IL-12 and IL-18 are considered central cytokines in 

thee immune response, forming a link between the innate and adaptive immunity. 

IFN-yy is considered the prototypic Thl cytokine, and the most potent stimulator of cell-

mediatedd immune responses. IFN-y is a proinflammatory cytokine produced by activated 

CD4++ T cells, cytotoxic T cells and NK cells (20). It is a strong activator of 

monocytes/macrophagess by increasing their antigen-presenting capacity by upregulation of 

costimulatoryy and MHC class II molecules, and also improves the antimicrobial activity of 

phagocyticc cells by induction of the respiratory burst and stimulation of nitric oxide 

synthesis.. Also, IFN-y stimulates innate cell responses by the activation of NK cells. By its 

potentt antimicrobial activities, IFN-y has been suggested as a useful adjuvant therapeutic 

agentt in patients. Treatment with recombinant human IFN-y is effective in reducing the 

incidencee of severe infections in patients with chronic granulomatous disease (CGD), an 

inherited,, immunodeficiency state characterized by recurrent pyogenic infections and 

deficientt bactericidal activity by neutrophils and monocytes (21). In addition, beneficial 

effectss of IFN-y have been reported in clinical trials in patients with (chronic) 

mycobacteriall  infections (22). In a recent study, IFN-y treatment was shown to efficiently 

restoree monocyte function in patients with sepsis (23). 

4.. Chemokines 

Chemokiness are a family of 8 to 10 kD chemotactic proteins that play an important role in 

thee migration and activation of leukocytes during inflammation (24, 25). On the basis of the 

positionn of their cysteine residues, chemokines are divided into several families, of which 

thee CXC (or a) and CC (or (3) chemokine families have been studied most extensively. 

CXCC chemokines can be further divided into two classes: ELR-containing CXC 

chemokines,, like IL-8 and growth regulated oncogene-a (GRO-a), which mainly target 

neutrophils,, and non-ELR containing CXC chemokines, like IFN-y-inducible protein-10 

(IP-10)) and monokine-induced by IFN-y (Mig), that act predominantly on lymphocytes. 

Memberss of the CC chemokine family, which influence primarily mononuclear cells, 

includee monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory 

proteinn (MIP)-lcc and MIP-1(3. 

13 3 



ChapterChapter I 

5.. Infection models studied in this thesis 

Inn this thesis, the role and interaction of IL-12 and IL-18 in vivo during bacterial infection 

weree studied in clinical studies and in several experimental models of infection. 

5.11 Superantigens 
Superantigenss (SAgs) are a group of proteins produced by bacteria, viruses and 

mycobacteria,, which characteristically activate large fractions of the T cell population (26). 

Mostt of the known bacterial SAgs are produced by gram-positive pathogens including 

StreptococcusStreptococcus pyogenes and Staphylococcus aureus, which produce toxins like 

streptococcall  pyrogenic exotoxins, staphylococcal enterotoxins, and the toxic shock 

syndromee toxin-1 (26, 27). Activation of SAgs requires simultaneous binding with the 

MHCC class II molecules of an APC and the specific Vp domain of the T cell receptor (28). 

SAgss have been implicated in the pathogenesis of food poisoning syndrome and the 

developmentt of septic shock in humans (29). In vivo administration of SAgs induces 

massivee T cell activation associated with the rapid systemic release of both pro- and anti-

inflammatoryy cytokines, followed by an anergic phase, apoptosis and immunosuppression. 

5.22 Pneumococcal pneumonia 
StreptococcusStreptococcus pneumoniae is the most frequently isolated microorganism in patients with 

community-acquiredd pneumonia (30, 31). Despite the ability of potent anti-microbial 

agents,, pneumococcal pneumonia is still a major cause of illness and mortality worldwide. 

Hostt defense against S. pneumoniae requires both humoral and cellular defense 

mechanismss for efficient phagocytosis of the bacteria and subsequent intracellular killin g 

(32).. Alveolar macrophages (AM) are the resident phagocytic cells in the lung and form the 

firstfirst defense line against the bacteria that reach the alveolar space, and also play a central 

rolee in orchestrating the inflammatory response by the secretion of bioactive lipids, 

cytokiness and chemokines. When the resident defenses in the lung are unable to clear the 

bacteriall  challenge, phagocytic cells (neutrophilic granulocytes and monocytes) and plasma 

proteinss are attracted from the circulation to the site of infection. Locally produced 

cytokiness and chemokines are known to play an essential role in both innate and cell-

mediatedd immunity during bacterial pneumonia (33). We used a mouse model of 

pneumococcall  pneumonia to obtain more insight into the role of cytokines associated with 

cell-mediatedd immune responses during localized infection. 
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5.33 Melioidosis 
Melioidosiss is a severe infection caused by the gram-negative bacterium Burkholderia 

(formelyy Pseudomonas) pseudomallei (34). It is an important cause of illness and death in 

endemicc parts of Southeast Asia. B. pseudomallei is an environmental organism that can be 

foundd in water and wet soils. Infection with B. pseudomallei most often occurs in the rainy 

season,, and patients with acute infection usually have some degree of immune compromise, 

likee chronic renal failure and diabetes. The clinical presentation of melioidosis varies 

betweenn mild localized infection, which most often presents as pneumonia or visceral or 

softt tissue abscess formation, to acute fulminant septicemia. Despite appropriate antibiotic 

therapy,, septicemic melioidosis is associated with a high mortality rate (35). Previous 

studiess have demonstrated that melioidosis is accompanied by a strong release of several 

proinflammatoryy cytokines. Therefore, this clinical infection was selected to study several 

aspectss of the immune response to gram-negative bacterial infection. 

5.44 Experimental human endotoxemia 
Endotoxin,, a lipopolysaccharide (LPS), is part of the outer membrane of all gram-negative 

bacteria.. Endotoxin has potent proinflammatory properties and is capable of activating 

multiplee inflammatory pathways, and is therefore considered to play a key role in the toxic 

sequelaee of gram-negative sepsis. Intravenous injection of low dose endotoxin has been 

usedd as a human model of systemic inflammation (36). It induces transient influenza-like 

symptoms,, including headache, generalized malaise, nausea, and myalgia, starting 1-2 h 

afterr LPS administration, and lasting no longer than 3-4 h. A monophasic fever with a rise 

inn body temperature ranging from very small to up to 4°C, preceded by chills, is almost 

alwayss registered. Intravenous administration of LPS in humans further induces the 

activationn of many inflammatory cascades, including the cytokine network, leukocytes, and 

thee coagulation and fibrinolytic systems (36). This model has been used to study 

interventionss to attenuate inflammatory responses during clinical sepsis or other 

inflammatoryy diseases. Administration of LPS to healthy humans not only initiates a 

cascadee of inflammatory pathways, but also induces a temporary refractory state, generally 

referredd to as LPS tolerance (37, 38). LPS tolerance is characterized by decreased 

productionn TNF, IL-lp , IL-6 and IL-10, with concurrently increased production of IL-1RA, 

uponn ex vivo restimulation of whole blood or peripheral blood mononuclear cells with LPS. 

Similarr alterations in the capacity to produce cytokines have been found in whole blood or 

monocytess isolated from sepsis patients, or from patients after surgery. Most research on 

LPSS tolerance focused on the reduced reactivity of monocytes, but littl e is known on the 

productionn of cytokines by T lymphocytes. 
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6.. Aim and outline of the thesis 

Studiess in this thesis focussed on the role of the proinflammatory cytokines IL-12, IL-18, 

IFN-yy and related immune responses during clinical bacterial infection, and in various 

experimentall  models of bacterial infection in humans and in mice. In Chapter 2, the 

characteristicss and biological effects of IL-12 and IL-18 are briefly reviewed. Although the 

activitiess of IL-12 have been extensively studied in animal models, littl e is known of the in 

vivoo effects of IL-12 in primates. In Chapter 3, the effects of a single intravenous injection 

off  recombinant human IL-12 in non-human primates on host inflammatory pathways that 

aree involved in the pathogenesis of sepsis are described. Chapter 4 reports on the effects of 

IL-122 on mononuclear cells, which importantly mediate host defense responses against 

bacteriall  infection. The role of IL-12 and IL-18 during SAg-induced pathology in mice was 

studiedd in Chapter 5, followed by studies on the contribution of IL-12 and IL-18 (Chapter 
6)6) and IFN-y {Chapter 7) in host defense to local bacterial infection in a mouse model of 

pneumococcall  pneumonia. In Chapter 8 it was investigated whether administration of IFN-

yy could improve host defense in two HIV-infected patients with persistent Mycobacterium 

aviumavium infection. Chapter 9 reports on the altered pattern of lymphocyte cytokine 

productionn in vitro after injection of LPS in humans in vivo. Chapters 10, 11 and 12 

involvee studies focussed on the immune response during melioidosis, a severe gram-

negativee bacterial infection. In this patient group, the regulation of the production of IFN-y 

wass studied by measurement of IFN-y and IFN-y-inducing cytokines in vivo, and 

determiningg their contribution to IFN-y release in whole blood in vitro (Chapter 10). In 

ChapterChapter 11, the secretion of the IFN-y-dependent CXC chemokines IP-10 and Mig during 

melioidosis,, and the contribution of various cytokines to their production were evaluated. In 

ChapterChapter 12, the involvement of cytotoxic lymphocytes during melioidosis was studied by 

measurementt of concentrations of soluble granzymes, and the role of IL-12 and IL-18 for 

granzymee secretion was examined in vitro. Chapter 13 reports the surprising enhancing 

effectt of the prototypic "anti-inflammatory cytokine" IL-10 on IFN-y release during human 

endotoxemia,, accompanied by increased concentrations of IP-10, Mig and granzymes. In 
ChapterChapter 14, the effect of the stress hormone epinephrine on IL-12 and IFN-y production 

wass studied during whole blood stimulation in vitro. 
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Introductio n n 

Cytokiness are a family of small proteins that are important for the orchestration of the host 

inflammatoryy response to infections. They are produced by a large variety of cells, 

includingg leukocytes, endothelial cells, epithelial cells and fibroblasts upon stimulation by 

variouss immunologic and infectious stimuli. Cytokines interact in a complex network in 

whichh they can influence each others production and function. The cytokine family consists 

off  proinflammatory cytokines, of which tumor necrosis factor-a (TNF) and interleukin-1 

(IL-1)) are best known, and anti-inflammatory cytokines, including IL-10. IL-12 and IL-18 

aree cytokines with proinflammatory properties. They share many biological activities, and 

synergisticallyy induce the production of interferon-y (IFN-y). IL-12 and IL-18 have been 

implicatedd as important mediators in the host immune response during systemic and local 

infectionss by bacteria, intracellular pathogens like mycobacteria, viruses and parasites. In 

thiss review, we will discuss the role of IL-12 and IL-18, and their interactions, during sepsis 

andd endotoxemia, and during bacterial infections. 

Structur ee and production of IL-1 2 and IL-1 8 

IL-12,, originally named natural killer stimulatory factor (NKSF), was identified as a 

productt of Epstein-Barr virus (EBV)-transformed human B cell lines [1]. Structurally, IL-

122 is a unique cytokine since it is composed of a heterodimer consisting of two covalently 

linkedd chains of approximally 40 kD (p40) and 35 kD (p35) [2, 3]. These chains are 

encodedd by separate and unrelated genes, and production of both chains within the same 

celll  is required to lead to the formation of the biologically active p70 heterodimer. The p40 

subunitt mediates binding of IL-12 to its receptor, while the p35 subunit is essential for 

signall  transduction. Interestingly, the p35 subunit shows a strong homology with IL-6 and 

granulocytee colony-stimulating factor (G-CSF), while the p40 subunit is not related to any 

otherr cytokine, but shows a sequence homology with the IL-6 receptor family. This 

suggestss that IL-12 is evolutionarily derived from a cytokine/cytokine-receptor complex, 

whichh resulted in an association through a covalent linkage between the two chains. Neither 

subunitt alone has been shown to have biological activity. When IL-12 production is 

stimulated,, a large excess of free p40 chains is produced, consisting of inactive p40 

monomerss and a small percentage of p40 homodimers, which can antagonize IL-12 

functionn by competition for binding to its receptor. Recently however, it has been described 

thatt p40 homodimer may also possess immunostimultory effects on CD8+ T cells, resulting 

inn IFN-y production [4]. 
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IL-122 is mainly produced by monocytes, macrophages, and other antigen-presenting cells 

(APC).. The production of IL-12 can be induced by either T-cell-independent or by T-cell-

dependentt mechanisms. The T-cell-independent pathway involves the stimulation of IL-12 

productionn by bacteria and bacterial products, like endotoxin (lipopolysaccharide, LPS) and 

bacteriall  DNA, and by intracellular pathogens [5]. The T-cell-dependent pathway of IL-12 

productionn is mediated by the expression of CD40 ligand (CD40L) on activated T cells, and 

thee interaction with its receptor CD40 on the surface of IL-12-producing cells [6]. 

Cytokiness can regulate the capacity of APC to produce IL-12. IFN-y and granulocyte-

macrophagee colony-stimulating factor (GM-CSF) can upregulate IL-12 production, while 

transformingg growth factor P (TGF-p), IL-4, IL-10 and IL-13 are potent inhibitors of IL-12 

production.. Since it has been demonstrated that IL-12 induces the production of IL-10, IL-

122 presumably can regulate its own activity by inducing factors that enhance (IFN-y) or 

inhibitt (IL-10) its own production. Also, other soluble mediators like prostaglandin E2 and 

glucocorticoids,, which inhibit IL-12 release, and nitric oxide, which upregulates IL-12 gene 

expression,, can influence IL-12 production. 

IL-18,, also known as IFN-y-inducing factor (IGIF), is a recently discovered protein [7]. 

Itt was purified from extracts of liver tissues from Propionibacterium acnes primed and 

LPS-challengedd mice, as a factor that induces IFN-y production. Although IL-18 shares 

manyy biological activities with IL-12, structurally it is related to the IL-1 cytokine family 

[8,, 9]. Similar to IL-lp \ IL-18 is first produced as a precursor protein (pro-IL-18, 24 kD), 

whichh requires splicing by IL-1 [3-converting enzyme (ICE) to liberate the 18 kD mature 

activee protein [10, 11]. The importance of ICE for IL-18 production has been demonstrated 

inn ICE-deficient mice, which produced less IL-18 and IFN-y after LPS challenge, which 

couldd be restored by treatment with recombinant IL-18 protein [10, 11]. 

IL-188 is mainly produced by activated macrophages and Kuppfer cells, but can also be 

producedproduced by other cell types, including keratinocytes and osteoclasts. The regulation of IL-

188 production has not been elucidated completely. Macrophage stimulators, like LPS and 

otherr bacterial products, bacteria, and intracellular pathogens have been shown to induce 

IL-188 production. Cytokines are also likely to regulate IL-18 production. While IL-12 

stimulatess the production of IL-18, we have found that IL-10 dose-dependently inhibits 

LPS-inducedd release of IL-18 during whole blood stimulation in vitro [12]. 

Structur ee and function of IL-1 2 receptor  and IL-1 8 receptor 

Thee IL-12 receptor (IL-12R) is composed of two subunits, designated IL-12Rpl and IL-

12RP2,, which both belong to the gpl30 subgroup of the cytokine receptor superfamily [3]. 

Individually,, the subunits bind IL-12 with low affinity, but coexpression of IL-12PR1 and 

IL-12R(322 results in high affinity IL-12 binding sites. The IL-12Rpl subunit primarily 
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contributess to binding of IL-12, while the IL-12Rp2 appears to be the signal-transducing 

componentt of the receptor complex. IL-12 signal transduction is mediated through the 

activationn of signal transducers and activators of transcription 4 (STAT4). The IL-12R is 

mainlyy expressed on activated T lymphocytes and NK cells. Recent studies have showed 

thatt the expression of the IL-12Rp2 subunit is limited to Th 1 cells, while the expression is 

lostt on Th2 cells, rendering them unresponsive to IL-12 [13]. 

Althoughh IL-18 and IL-1 are structurally related, IL-18 does not bind to the IL-1R 

complex.. However, the IL-18R and IL-1R are similar in structure and function. The IL-18R 

consistss of two chains, both of which are members of the IL-1R family. The IL-lR-related 

proteinn (IL-lRrp) is the main binding element, while the IL-1R accessory protein-like (IL-

lRAcPL)) is required for IL-18 signaling [14, 15]. Binding of IL-18 to its receptor results in 

thee activation of signaling pathways similar to those activated after engagement of the IL-

1RR complex, which involves the recruitment of IL-lR-associated kinases (IRAK) to the 

receptorr complex, resulting in the activation of TNF receptor-associated factor-6 (TRAF-6) 

andd the activation of nuclear factor K B (NFKB) [16]. The IL-18R was found to be 

expressedd on a variety of cells, most importantly on activated NK cells, CD8+ T cells and 

Thll  cells, but not on Th2 cells [17]. 

Biologicall  activities of IL-12 and IL-18 

Thee main target cells of IL-12 include T lymphocytes and NK cells. One of the most 

importantt functions of IL-12 is its ability to strongly induce the production of IFN-y. 

Optimall  IFN-y production requires co-stimulation with other cytokines like TNF, IL-1, IL-

2,, IL-15 and IL-18 (see below and Figure 1). Also, IL-12 has been reported to stimulate the 

productionn of TNF, IL-10, GM-CSF, IL-2 and IL-8. Intravenous administration of 

recombinantt human IL-12 at a dose of 1 fig/kg to chimpanzees resulted in high plasma 

levelss of IFN-y, IL-10 and the chemokines IFN-y-inducible protein 10 (IP-10) and 

monocytee chemoattractant protein-1 (MCP-1), while TNF, IL-l p and IL-2 remained 

undetectablee [18]. Interestingly, IL-12 elicited a modest rise in plasma IL-18 

concentrations,, suggesting that IL-12 may indirectly enhance its in vivo capacity to 

stimulatee IFN-y production by inducing IL-18 release (see also further). In addition, IL-12 

playss an essential role in the regulation of the balance between Thl and Th2 cells. Thl cells 

secretee cytokines including IFN-y and IL-2, thereby stimulating cell-mediated immunity, 

whilee Th2 cells produce IL-4, IL-5, IL-10 and IL-13, thus promoting humoral immunity 

[19].. IL-12 stimulates Thl responses by promoting the differentiation of naive CD4+ T 

cellss into Thl cells, and by inducing IFN-y production. Intravenous injection of IL-12 in 

chimpanzeess was associated with a shift towards a Thl type immune response, as indicated 

byy increased production of the Thl cytokine IFN-y during whole blood in vitro stimulation 
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Figuree 1. IL-12 is a potent stimulator for IFN-y production from NK. and T cells, but requires co-
stimulationn of other APC-derived cytokines to induce high release of IFN-y. iL-12 synergizes with 
1L-188 for high IFN-y production, which is importantly mediated by IL-12-induced up-regulation of 
IL-11 8R expression. In addition, other APC-derived cytokines, including TNF, IL-ip , IL-2 and IL-15, 
havee been implicated as important co-stimuli for optimal IFN-y production. 

withh T cell stimuli, while the release of the Th2 cytokine IL-4 remained unaltered [20]. 

Otherr functions of IL-12 include stimulation of proliferation and cytotoxicity of NK and 

cytotoxicc T cells, which are important for the defense against infected host cells and the 

lysingg of tumor cells. 

IL-188 shares many biological activities with IL-12, which includes effects mainly on 

NKK cells and T lymphocytes [8, 9]. While IL-18 alone can not stimulate the production of 

IFN-y,, IL-18 can induce IFN-y production in the presence of a co-stimulus. Together with 

IL-12,, IL-18 has been demonstrated to have a synergistic effect on IFN-y production 

(mechanismm discussed below). The importance of IL-18 for IFN-y production has been 

demonstratedd in IL-18 and ICE-deficient mice, which produce littl e or no IFN-y in the 

presencee of normal IL-12 levels [10, 11, 21]. IL-18 also induces the production of other 

cytokiness from T cells, like TNF, IL-2 and GM-CSF. In addition, IL-18 stimulates Thl 

cellss and acts as a costimulus for IL-12-driven development of Thl cells. Other activities of 

IL-188 include the stimulation of NK and T cell cytotoxicity, T cell proliferation, and 

inductionn of Fas ligand expression. 

Recently,, a protein was purified from human urine, which specifically binds to IL-18 

andd neutralizes its activity [22]. This protein, named IL-18 binding protein (IL-18BP), is 

similarr in structure and function to the membrane-associated IL-1R type II . However, until 
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noww no cell-associated form of IL-18BP has been identified. Constitutive expression of IL-

18BPP was found mainly in the spleen. In vitro, IL-18BP decreases IFN-y production by 

mousee splenocytes during stimulation with LPS. Administration of IL-18BP in mice during 

endotoxemiaa markedly inhibited the production of IFN-y. Therefore, IL-18BP may play an 

importantt role in regulation of the immune response. 

Synergismm of IL-1 2 and IL-1 8 for  IFN-y production 

Ass indicated above, IL-18 plays an essential synergistic role with IL-12 for optimal IFN-y 

productionn (Figure 1). This effect has been found on NK, T, B cells, and macrophages. The 

mechanismm for this synergistic action can be explained by the finding that IL-12 strongly 

up-regulatess the expression of the IL-18R on the cell surface [23]. Resting B and T cells do 

nott produce IFN-y in response to IL-18, but pretreatment with IL-12 results in a rapid 

releasee of IFN-y. In contrast, NK cells constitutively express low levels of the IL-18R, 

whichh can be strongly upregulated by IL-12. Also, it can be assumed that the binding of IL-

122 activated STAT4 and IL-18-activated NFKB to the IFN-y promoter results in a strong 

productionn of IFN-y. 

Rolee of IL-1 2 and IL-1 8 durin g sepsis and endotoxemia 

Severee systemic gram-negative infection leads to the release of pro-inflammatory 

cytokines,, which contribute to the development of tissue injury and mortality. Elevated 

levelss of IL-12 were detected in patients with sepsis, and during experimental endotoxemia 

inn animals [24-27]. In mice, neutralization of IL-12 protected against lethality during 

endotoxemiaa which was mediated importantly by inhibition of IFN-y and TNF production 

[28,, 29]. IL-12 also plays an important role in the generalized Shwartzman reaction [30]. 

Intravenouss injection of IL-12 into primates induced sustained activation of multiple 

inflammatoryy pathways that are implicated in the pathogenesis of sepsis, including 

activationn of the cytokine network, coagulation, fibrinolysis and granulocytes [18]. Of 

interest,, IL-12 induced activation of these pathways occurred relatively late, i.e. after 8 

hourss or more, contrasting with qualitatively similar inflammatory effects found after 

intravenouss administration of LPS to primates or humans (Table 1). Together these data 

suggestt that IL-12 importantly contributes to organ failure during severe endotoxemia, and 

thatt it especially may be involved in sustaining systemic inflammation. 

IL-188 was originally identified in mice during endotoxin shock as a co-stimulatory 

factorr for the production of IFN-y, an important mediator in the pathogenesis of sepsis [31, 

32].. After LPS challenge, IFN-y serum levels in IL-18-deficient mice were markedly 
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reducedd compared to their wild-types [21]. Neutralizing antibodies against IL-18 prevented 

LPS-inducedd liver injury [7]. Until now, littl e is known about the role of IL-18 during 

humann infectious disease. During human experimental endotoxemia, levels of IL-18 

showedd no significant increase [12]. Elevated levels of IL-18 have been measured in 

patientss with bacteriemic melioidosis, a severe gram-negative infection, and IL-18 levels 

showedd a positive correlation with IFN-y levels and the severity of disease [25]. These data 

suggestt that IL-18 importantly contributes to the pathogenesis of sepsis. 

Tablee 1. Effects of IL-12 and LPS on host mediator systems 

Activationn of 

cytokines s 
chemokines s 
granulocytes s 
coagulation n 
fibrinolysis s 

IL-1 2 2 

8-48h h 
8 -48h h 
3 -48h h 
4 - 4 8h h 
8 -48h h 

LPS S 

< 4h h 
< 4h h 

2-- 12 h 
2 - 8h h 
< 3h h 

Intravenouss injection of recombinant human IL-12 (1 ug/kg) induces 
sustainedd activation of host inflammatory pathways, which occurs relatively 
latee compared to similar effects found after intravenous injection of LPS. 

Rolee of IL-1 2 and IL-1 8 durin g bacterial infections 

Inn contrast to its toxic effects in endotoxemia models, IL-12 has been shown to importantly 

augmentt host defense in animal models of bacterial infections, most importantly by the 

recruitmentt and activation of phagocytic cells, and the initiation of a Thl type cell-

mediatedd immune response. Administration of anti-IL-12 to mice injected intraperitoneally 

withh Escherichia coli resulted in increased bacterial outgrowth in peritoneal fluid and an 

earlyy onset of bacteremia [29]. Neutralization of IL-12 in mice intratracheally challenged 

withh Klebsiella pneumoniae was accompanied with an impaired bacterial clearance from 

theirr lungs, resulting in increased mortality. Temporary overexpression of IL-12 in lungs by 

adenoviruss mediated transfer of the p35 and p40 genes, had a protective effect [33]. In mice 

infectedd with group B streptococci, administration of anti-IL-12 resulted in a markedly 

decreasedd survival, while injection of recombinant IL-12 had a protective effect [34]. In 

conclusion,, IL-12 plays an essential role in the development of a protective host immune 

responsee against bacterial infections. 

Studiess on the role of IL-18 during local bacterial infection in experimental animal 

modelss are limited. In mice infected with Yersinia enter ocolitica, IL-18 was found to be 

importantt for the early cytokine response and for bacterial clearance [35]. After infection 

withh Staphylococcus aureus, IL-18 deficient mice had lower bacterial outgrowth in blood, 
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associatedd with decreased serum levels of IFN-y and TNF [36]. During infection with 

SalmonellaSalmonella typhimurium, IL-18 has been found to be important for early host resistance 

[37].. Intranasal inoculation of IL-18-deficient mice with Streptococcus pneumoniae was 

associatedd with increased bacterial outgrowth in their lungs compared to their wild-types 

(ourr own unpublished data). Together, these data indicate that production of IL-18 is 

requiredd for an adequate host resistance against bacterial infections. 

Conclusion n 

IL-122 and IL-18 are pro-inflammatory cytokines which, although structurally unrelated, 

sharee a number of biological activities. IL-12 is a unique heterodimeric cytokine, while IL-

188 and the IL-18R complex are related to the IL-l(R) family. Both IL-12 and IL-18 activate 

Thll  cells, and stimulate proliferation and cytotoxicity of NK and cytotoxic T cells. Most 

importantly,, IL-12 and IL-18 synergistically stimulate IFN-y production, whereby IL-12 

increasess the responsiveness of cells to IL-18 by upregulation of IL-18R expression. High 

levelss of both IL-12 and IL-18 are found during clinical and experimental sepsis or 

endotoxemia,, which importantly contribute to the development of tissue injury and 

mortality.. In contrast, IL-12 and IL-18 play a protective role during (local) bacterial 

infection,, since neutralization of IL-12 and/or IL-18 in these models is associated with 

increasedd bacterial outgrowth and mortality. In this respect, IL-12 and IL-18 resemble other 

proinflammatoryy cytokines like TNF and IL-1, i.e. while excessive systemic activity of 

thesee mediators is highly toxic to the host, their activity is a prerequisite for an adequate 

locall  antibacterial response at the site of infection. Administration of IL-12 and/or IL-18 

duringg bacterial infection may be a useful therapeutic agent to enhance host resistance. 

However,, the role of IL-12 and IL-18 in host defense during human infection, and the 

efficacyy and safety of the use of these cytokines as potential therapeutic agents, remain to 

bee established. 
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Abstract t 

Too determine the in vivo effects of interleukin (IL)-12 on host inflammatory mediator 

systems,, 4 healthy chimpanzees received an i.v. injection of recombinant human IL-12 (1 

ug/kg).. IL-12 induced increases in the plasma concentrations of IL-15, IL-18 and 

interferon-y,, in conjunction with a marked anti-inflammatory cytokine response (IL-10, 

soluble-TNF-receptors,, IL-1-receptor-antagonist), and secretion of both a-(IL-8, interferon-

y-inducible-protein-10)) and p-chemokines (monocyte chemoattractant protein-1, 

macrophagee inflammatory protein-IP). In addition, IL-12 elicited a neutrophilic 

leukocytosis,, neutrophil degranulation (elastase-ct!-antitrypsin complexes), coagulation 

activationn (Fl+2 prothrombin fragment, thrombin-antithrombin-III complexes) and 

fibrinolyticc activation (tissue-type plasminogen activator, plasmin-Oo-antiplasmin 

complexes).. IL-12-induced activation of multiple host mediator systems was found only 

afterr 8-24 h, remaining detectable until the end of the 48-h observation period, and occurred 

inn the absence of detectable TNF and IL-lp \ These data may contribute to the 

understandingg of the role of IL-12 in the pathogenesis of sepsis syndrome, and of toxicity 

foundd after repeated injections of IL-12. 
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Introductio n n 

Interleukin-122 (IL-12) is a heterodimeric pro-inflammatory cytokine formed by two 

covalentlyy linked subunits of 35 kD (p35) and 40 kD (p40) [1]. Both chains, which are 

encodedd by different and unrelated genes, have to be produced for the formation of the 

biologicallyy active p70 heterodimer. The main producer cells of IL-12 are monocytes, 

macrophagess and other antigen presenting cells. The most potent stimuli for IL-12 

productionn are bacteria, bacterial products (like endotoxin), and intracellular parasites. Most 

biologicall  effects of IL-12 involve activities on NK cells and T lymphocytes. IL-12 can 

inducee the production of interferon-y (IFN-y) and other cytokines, and enhances cytotoxic 

activitiess of NK and lymphokine-activated killer (LAK) cells. Furthermore, IL-12 plays an 

importantt role in the pathogenesis of infectious diseases by promoting the differentiation of 

naivee CD4+ T cells into T helper 1 (Thl) cells [1,2]. 

Studiess in patients and experimental animals have shown that IL-12 is produced during 

sepsiss and endotoxemia [3-6]. Importantly, in a murine model of endotoxemia, passive 

immunizationn against IL-12 offered protection against the lethal effects of endotoxin [7]. 

Whilee Bacille Calmette Guérin-primed mice died after a dose of 10 \x% of endotoxin, all 

micee pre-injected with an anti-IL-12 mAb survived. At higher endotoxin doses, anti-IL-12 

stilll  strongly reduced lethality. Therefore, it is likely that endogenously produced IL-12 

playss an important role in the toxic sequelae of sepsis and endotoxemia. 

Duringg sepsis and endotoxemia, several host inflammatory mediator systems become 

activated,, including the cytokine network, leukocytes, and the hemostatic mechanism [8,9]. 

Excessivee activation of each of these mediator systems is considered to contribute to the 

developmentt of tissue injury and mortality during sepsis. The effects of IL-12 on these 

inflammatoryy cascades are largely unknown. Such knowledge may also be relevant for the 

understandingg of IL-12 toxicity reported in cancer patients [10]. Therefore, in the present 

studyy we sought to determine the effects of a bolus i.v. injection of recombinant human IL-

122 on the cytokine network, leukocytes, coagulation and fibrinolysis in healthy 

chimpanzees. . 
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Material ss and methods 

Studyy design 
Fourr healthy adult chimpanzees (Pan troglodytes; 22.4-35.4 kg) were studied. They were 

recruitedd from the primate colony at the Biomedical Primate Research Center (BPRC), 

Rijswijk,, the Netherlands. None of the animals had abnormalities on routine laboratory 

investigation.. The chimpanzees were sedated with ketamine chloride i.m., and after intubation 

keptt under general anesthesia with nitrous oxide and halothene until 4 h after IL-12 

administration.. Vital functions were registered continuously during this period. Follow-up 

samplingg after the first 4 h was done in animals that were briefly sedated with ketamine 

chloride.. All animals received an i.v. bolus injection of recombinant human (rh)IL-12 

(providedd by Genetics Institute, Inc, Andover, MA) at a dose of 1 |ig/kg body weight (specific 

activityy 1.1x10 U/mg rhIL12). Previous in vitro work demonstrated that human IL-12 is active 

onn chimpanzee peripheral blood mononuclear cells, as reflected by its capacity to induce the 

productionn of IFN-y (data not shown). Control studies have shown that the experimental 

proceduress themselves do not elicit changes in the inflammatory parameters under 

investigationn [11,12]. The protocol was approved by the scientific committee of the Academic 

Medicall  Center and the Institutional Animal Care and Use Committee of BPRC. 

Samplingg and assays 

Venouss blood samples were obtained by separate venipunctures directly before IL-12 

injectionn and at 0.5, 1, 2, 3, 4, 8, 24, and 48 h thereafter. It should be noted that IL-12-

inducedd activation of inflammatory cascades occurred relatively late. Therefore, for reasons 

off  clarity, results are presented from t= 2 h onwards (see Results). For pharmacokinetic 

studies,, additional blood samples were drawn at 1, 5 and 15 minutes after IL-12 injection. 

Al ll  blood samples (except samples for determination of leukocyte counts) were centrifuged 

att 4°C for 20 minutes at 1600 x g; plasma was collected and stored at -20°C until assays 

weree performed. Assays of coagulation and fibrinolysis were performed in citrated plasma, 

alll  other assays were done in EDTA anticoagulated plasma. 

Plasmaa levels of IL-12 p70 were determined by ELISA using anti-IL12 p70 mAb 20C2 

ass coating antibody, biotinylated anti-IL-12 p40 mAb C8.6 as detecting antibody, and rhlL-

122 as standard (detection limit 8 pg/ml), 20C2 was kindly provided by Dr. M.K.Gately 

(Hoffmannn La Roche Ine, Nutley, NJ); C8.6 was kindly donated by Dr. G. Trinchieri (The 

Wistarr Institute, Philadelphia, PA). For pharmacokinetic analyses, IL-12 concentration 

versuss time data were plotted on a log-scale axis. Terminal elimination phase was 

determinedd by inspection (time points from 1 h onwards), and the tv2 of this phase for each 

animall  was determined by log-linear regression. The following cytokines were measured by 

ELISAA according to the instructions of the manufacturer (with detection limits): IFN-y 
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(CLB,, Amsterdam, the Netherlands; 2.5 pg/ml), IL-6 and IL-10 (both PharMingen, San 

Diego,, CA; both 8 pg/ml), tumor necrosis factor (TNF) and IL-lf i (both Medgenix, Fleurus, 

Belgium;; 7 pg/ml and 8 pg/ml respectively), IL-15 (R&D Systems, Abingdon, United 

Kingdom;; 4 pg/ml). IL-18 was measured by ELISA exactly as described previously 

(Fujisakii  Institute, Fujisaki, Japan; detection limit 10 pg/ml) [13]. Plasma concentrations of 

IL-22 were determined by ELISA using mouse anti-human IL-2 mAb as coating antibody, 

biotinylatedd rabbit anti-human IL-2 as detecting antibody, and rhIL-2 (Medgenix) as 

standardd (detection limit 7 pg/ml). The anti-human IL-2 antibodies were kindly donated by 

Dr.. P.H. van der Meide (BPRC, Rijswijk, the Netherlands). Soluble TNF receptors 

(sTNFR)) type I and II were measured by enzyme-linked immunological binding assay as 

describedd previously [14]. The reagents for sTNFR measurements were kindly donated by 

Hoffmannn La Roche Ltd (both detection limits 78 pg/ml). IL-1 receptor antagonist (IL-lra) 

wass measured by ELISA using mouse anti-human IL-lr a mAb (Antibody Solutions SARL, 

Illkirch,, France) as coating antibody, biotinylated goat anti-human IL-lr a (R&D Systems) 

ass detecting antibody, and recombinant human IL-lr a (R&D Systems) as standard 

(detectionn limit 41 pg/ml). 

Chemokiness were measured by ELISA according to the instructions of the 

manufacturerr (with detection limits): IL-8 (CLB; 1 pg/ml), monocyte chemoattractant 

protein-11 (MCP-1) (PharMingen; 8 pg/ml), macrophage inflammatory protein-13 (MIP-lp) 

andd MlP-lct (both R&D Systems; both 15.6 pg/ml). IFN-y-inducible-protein-10 (IP-10) 

wass determined by ELISA using mouse anti-human IP-10 as coating antibody, biotinylated 

goatt anti-human IP-10 as detecting antibody (both R&D Systems), and recombinant human 

IP-100 as standard (Biosource, Camarillo, CA; detection limit 20 pg/ml). 

Leukocytee counts and differentials were determined by flow cytometry. Plasma levels 

off  elastase-arantitrypsin complexes were assayed by RIA as described previously [15]. 

Activationn of the coagulation system was determined by measuring the prothrombin 

fragmentt F1+2 and thrombin-antithrombin III (TAT) complexes (ELISA's, Behringwerke 

AG,, Marburg, Germany). Fibrinolytic activation was monitored by measurements of tissue 

typee plasminogen activator (tPA) (ELISA, Innogenetics, Nijmegen, the Netherlands), 

plasmin-a2-antiplasminn (PAP) complexes (ELISA, Behringwerke AG), and plasminogen 

activatorr inhibitor type I (PAI-1) (ELISA, Innogenetics) as described previously [12]. 

Statisticall  analysis 
Alll  values are given as mean  SE. Changes in time were analyzed by one-way analysis of 

variance.. Differences from baseline levels were assessed by Dunnett t-test for multiple 

comparisonss where appropriate. P < 0.05 was considered to represent a significant 

difference. . 
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Results s 

Plasmaa IL-1 2 levels 

Baselinee levels of the biologically active IL-12 p70 heterodimer were below the detection 

limit .. After IL-12 administration, plasma levels reached peak levels of 24.57  1.48 ng/ml 1 

minutee post injection, and remained detectable at high concentrations long thereafter ( 8 h: 

11.866  0.38 ng/ml) (Fig.1). Plasma th2 of IL-12 during the elimination phase was 10.6

0.55 h. 

Figuree 1. Mean (  SE) plasma 
concentrationss of IL-12 p70 (n= 4). 
Baselinee levels of IL-12 p70 were below the 
detectionn limit. RhIL-12 (1 ug/kg) was 
givenn as an i.v. bolus injection at t= 0 h. 
Notee that the time-axis is non linear. 
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Clinicall  features 

IL-122 administration was not associated with a febrile response or hemodynamic changes 

duringg the first 4 h of the experiment (data not shown). After discontinuation of the 

anesthesia,, all chimpanzees appeared healthy and behaved normal. None of the animals had 

clinicall  complications due to IL-12 administration. 
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Figuree 2. IL-12 induces IL-15, IL-1 8 and IFN-y. RhIL-12 (1 ug/kg) was administered as a bolus i.v. 
injectionn at t= 0 h. Data are mean  SE of 4 animals. P-value reflects changes in time analyzed by 
one-wayy analysis of variance. * indicates P < 0.05 versus baseline by Dunnett t-test. The time-axis is 
non-linear. . 

Cytokines s 

IL-122 injection induced the production of both pro- and anti-inflammatory cytokines. IL-12 

elicitedd increases in the plasma concentrations of IL-15, IL-18 and IFN-y , starting after 4 h and 

reachingg peak levels after 24 h (IL-15: 21.5  2.3 pg/ml ; IFN-y: 1,170  438 pg/ml) or 48 h 

(IL-18:: 114  24 pg/ml) (Fig.2; all P < 0.05). In contrast, neither TNF nor IL-l p became 

34 4 



SystemicSystemic effects of interleukin-12 

detectablee at any timepoint. Also, IL-2 remained undetectable, while IL-6 showed a variable, 

nonsignificant,, increase (8 h: 129  104 pg/ml). IL-12 elicited a strong anti-inflammatory 

cytokinee response, as reflected by late increases in the plasma concentrations of IL-10, sTNFR 

typee I and type II, and IL-lra, all peaking at the end of 48-h the study period (Table 1; all P < 

0.05). . 

Tablee 1. The anti-inflammatory cytokine response to an i.v. injection of IL-12. 

Time e 
(h) ) 

0 0 
2 2 
4 4 
8 8 

24 4 
48 8 

P-value e 

IL-10 0 
(pg/ml) ) 

<8 8 
477 + 27 
600 5 

1599 5 
3499  85 

1,5699 + 652* 

<0.05 5 

sTNFRI I 
(ng/ml) ) 

1.344 6 
1.333 0 
1.277 1 
1.800 2 
2.022 * 
2.711 * 

<0.05 5 

sTNFRR II 
(ng/ml) ) 

2.499 7 
2.500 6 
2.555 4 
3.633 5 
5.277 9 
8.67++ 1.23* 

<0.05 5 

IL-lr a a 
(ng/ml) ) 

<0.04 4 
<0.04 4 

0.266  0.26 
2.022  1.30 
9.266 * 

14.966  1.62* 

<0.05 5 

Valuess are mean  SE of 4 chimpanzees. RhIL-12 (1 ng/kg) was given as an i.v. bolus injection at t= 
00 h. P-value reflects changes in time analyzed by one-way analysis of variance. * indicates P < 0.05 
versuss baseline by Dunnett t-test. 

Chemokines s 
IL-122 injection resulted in the production of both a and (3 chemokines (Table 2). While IL-

8,, the prototype of C-X-C chemokines, showed a slight, nonsignificant rise, IP-10 levels 

stronglyy increased. Also, C~C chemokines MCP-1 and MIP-ip reached high levels after 48 

h,, although this increase was significant for MCP-1 only. In contrast, MlP-la levels 

remainedd undetectable. 

Tablee 2. Chemokine production after an i.v. injection of IL-12. 

Time e 
(h) ) 

0 0 
2 2 
4 4 
8 8 

24 4 
48 8 

PP value 

IL-8 8 
(pg/ml) ) 

<< 1 
2.388 8 
8.600 8 
7.288 5 
6.255 6 

11.18++ 1.62 

NS S 

IP-10 0 
(ng/ml) ) 

0.266  0.05 
0.244 4 
0.322  0.04 
1.666 0 

19.155  7.61 * 
34.844 * 

<0.05 5 

MCP-1 1 
(pg/ml) ) 

160  18 
1811 2 
2577 9 
3977 1 

1,5544 * 
1,8300 * 

<0.05 5 

MIP-1P P 
(pg/ml) ) 

2222  125 
202  112 
2366  120 
5455  156 
669  195 
7266  279 

NS S 

Valuess are mean  SE of 4 chimpanzees. RhIL-12 (1 ug/kg) was given as an i.v. bolus injection at t= 
00 h. P-value reflects changes in time analyzed by one-way analysis of variance. * indicates P < 0.05 
versuss baseline by Dunnett t-test. MIP-la remained < 15.6 pg/ml at all time points. 
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Leukocytes s 

IL-122 injection resulted in a marked leukocytosis (peak 8 h: 23.4  3.7xl09/l) , mainly caused 

byy neutrophilia (peak 8 h: 20.2  3.6xl09/l ; both P < 0.05) (Fig.3). Monocyte counts modestly 

increased,, while lymphocyte counts decreased (data not shown). IL-12 was also capable of 

inducingg neutrophil degranulation, as reflected by increased plasma levels of elastase-ar 

antirrypsinn complexes (peak at 48 h: 148  26 ng/ml; P < 0.05) (Fig.3). 

30 0 

timee (hours) 
48 8 

150>„ „ 

 100 g 

50 0 

Figuree 3. IL-12 induces a neutrophilic leukocytosis 
andd neutrophil degranulation ( as reflected by elastase-
a,-antitrypsinn complex concentrations). RhIL-12 (1 
ug/kg)) was administered as a bolus i.v. injection at t= 
00 h. Data are mean  SE of 4 animals. P-value 
indicatess changes in time analyzed by one-way 
analysiss of variance. * reflects P < 0.05 versus baseline 
byy Dunnett t-test. The time-axis is a non-linear. 

Coagulationn and fibrinolysis 

IL-122 injection resulted in activation of the common pathway of the coagulation system, as 

indicatedd by increases in prothrombin fragment F1+2 levels and TAT complexes in the 

circulation,, both reaching a plateau between 8 and 48 h (Fl+2: 1.78  0.14 nmol/1 at 24 h; 

TA TT complexes: 31.73  4.91 ug/1 at 48 h; both P < 0.05) (Fig. 4A). Activation of the 

coagulationn system was followed by activation of the fibrinolytic system, as reflected by 

increasedd plasma levels of tPA and PAP complexes, both peaking after 48 h (16.3  1.7 

ng/mll  and 1,520  340 ug/1) (Fig. 4B). PAI-1 plasma levels did not change after IL-12 

injectionn (data not shown). 
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Figuree 4. Activation of the coagulation and fibrinolytic system after a rhIL-12 i.v. bolus injection (1 
Hg/kg)) at t= 0 h. Activation of coagulation was determined by measuring the prothrombin fragment 
Fl+22 (Fl+2) and thrombin-antithrombin 111 (TAT) complexes; activation of fibrinolysis by 
measurementss of tissue type plasminogen activator (tPA) and plasmin-a:-antiplasmin (PAP) 
complexes.. Data are mean + SE of 4 animals. P-value reflects changes in time analyzed by one-way 
analysiss of variance. * indicates P < 0.05 versus baseline by Dunnett t-test. The time-axis is non-
linear. . 
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Discussion n 

Sepsiss is associated with the excessive activation of a number of inflammatory cascades, 

ultimatelyy leading to tissue injury and organ failure [8,9]. Several lines of evidence support 

thee existence of an important role of IL-12 in the pathogenesis of sepsis syndrome. Firstly, 

thee production of IL-12 is enhanced during sepsis and endotoxemia [3-6]. Secondly, and of 

moree importance, neutralization of endogenous IL-12 activity confers protection against 

lethalityy induced by endotoxin in mice [7]. Importantly, administration of IL-12 to cancer 

patientss has been associated with systemic toxicity. These data prompted us to study the 

effectss of circulating IL-12 on host mediator systems that are known to become activated 

duringg severe bacterial infection. It was found that a bolus i.v. injection of IL-12, besides a 

markedd rise in IFN-y levels, induced a strong anti-inflammatory cytokine and chemokine 

responsee in conjunction with activation of neutrophilic granulocytes, coagulation, and 

fibrinolysis. . 

IL-122 injection induced qualitatively similar inflammatory responses as previously 

reportedd after administration of endotoxin or live bacteria to humans and/or nonhuman 

primatess [4,11,12,16-20]. There are, however, important differences between systemic 

inflammatoryy effects induced by IL-12 and those elicited by endotoxin or bacteria. Indeed, 

IL-12-inducedd effects occurred relatively late, characteristically peaking after 24-48 h. In 

contrast,, i.v. injection of endotoxin results in a rapid activation of inflammatory pathways, 

whichh usually is detectable within 1-3 h and is offset after 12 h [11, 12, 16-18]. Infusion of 

aa lethal dose of Escherichia coli in baboons is also associated with a brisk stimulation of 

multiplee inflammatory cascades within the first hour, although in this situation at least part 

off  the responses may remain detectable until death [4,19]. 

Bothh in sublethal endotoxemia and lethal bacteremia, an early transient rise in the 

plasmaa concentrations of TNF can be detected. Neutralization of this endogenous TNF 

activityy abrogates many of the subsequent inflammatory responses and prevents death 

[16,18,21,22].. Endogenous IL-1 activity also plays an important role in the inflammatory 

sequelaee of lethal bacteremia, since treatment with recombinant IL-lr a strongly attenuates 

activationn of neutrophilic granulocytes and coagulation, and improves survival in septic 

baboonss [19,23]. It is therefore of considerable interest, that IL-12-induced effects occurred 

inn the absence of detectable plasma levels of TNF or IL-lp \ suggesting that they are 

mediatedd via pathways that are independent of these two potent pro-inflammatory 

cytokines. . 

Previouss studies in humans and nonhuman primates have established that, like IL-12, 

administrationn of recombinant TNF or IL-1 can reproduce systemic inflammatory responses 

observedd in patients or experimental animals with sepsis [19,24-26]. However, significant 

differencess exist between the kinetics of IL-12-induced effects and those triggered by TNF 
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orr IL-1 . While IL-12 effects are delayed, the responses to i.v. TNF and IL-1 are rapid and in 

partt occur even faster than responses induced by endotoxin or live bacteria. Further, while 

IL-122 effects are sustained, TNF and IL-1 effects are transient. Conceivably, the latter 

differencee is related to the long circulating half-life of IL-12. Indeed, while cytokines 

characteristicallyy have a plasma tV2 of less than 30 minutes, the IL-12 heterodimer was 

foundd to have a tU2 of 10.6 h in the circulation. 

Remarkably,, IL-12 was able to induce a strong and sustained activation of the 

coagulationn system, which was followed by activation of the fibrinolytic system. IL-12 has 

beenn shown to play an important role in the pathogenesis of the generalized Shwartzman 

reactionn in mice, a systemic inflammatory reaction characterized by thrombosis of renal 

glomerulii  and other organs, and disseminated intravascular coagulation [27]. Together, 

thesee data suggest that IL-12 may play a role in the hemostatic disorders frequently 

observedd during sepsis [9]. It should be noted that i.v. administration of endotoxin, bacteria, 

TNFF or IL-1 to humans and/or nonhuman primates is associated with a rapid activation of 

fibrinolysis,, followed by a more delayed activation of coagulation [9,12,16,18,19,24,25]. In 

thesee models, activation of fibrinolysis proceeds via a route that is independent from 

activationn of coagulation and vice versa [9,12,16,18]. To our knowledge, IL-12 is the first 

inflammatoryy mediator that causes a late fibrinolytic response after initial activation of 

coagulation. . 

Thee mechanisms by which IL-12 elicited a large variety of systemic inflammatory 

responsess are not elucidated by our study. Littl e is known about possible direct effects of 

IL-122 on the mediator systems that were monitored. IL-12 injection resulted in a marked 

increasee in the plasma concentrations of IFN-y, which is considered to be an important 

mediatorr of many IL-12 activities. In vitro studies and studies in mice have shown that IL-

122 can induce optimal IFN-y by T lymphocytes and NK cells only in the presence of other 

lymphocyte-- or monocyte-derived cytokines, including TNF, IL-2, and IL-15 [28-30]. In 

addition,, IL-12 synergizes with IL-18, also known as IFN-y-indue ing factor (IGIF), for 

optimall  IFN-y production by T lymphocytes and NK cells [31,32]. An important 

mechanismm for this synergy is that IL-12 increases the responsiveness of cells to IL-18 

likelyy by upregulation of IL-18 receptors [33]. The importance of the synergistic effect of 

IL-188 on IFN-y production has been demonstrated in IL-18 deficient mice which produce 

littl ee IFN-y despite normal IL-12 levels [34]. In addition, splenocytes of mice lacking IL-

lP-convertingg enzyme (ICE), which converts pro-IL-18 to bioactive IL-18, produce 

reducedd IFN-y levels during in vitro stimulation [35]. IL-18 is able to induce a number of 

effectss without any co-factor, for instance production of a several cytokines and 

chemokiness (TNF, IL-1 p, IL-8, MIP-loc), activation of nuclear factor KB, and enhancement 

off  Fas ligand expression and induction of apoptosis [36, 37, 38]. Therefore, IL-18 is a 

potentt cytokine itself and plays an essential synergistic role with IL-12 on the production of 
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IFN-y.. Furthermore, the C-C chemokine receptor 2, the primary receptor for MCP-1, is 

requiredd for maximal IFN-y production during a Thl response in mice, suggesting that 

MCP-11 is involved in optimal IFN-y production [39]. In the present study, IL-12-induced 

IL-15,, IL-18 and MCP-1 may therefore have contributed to the strong increase in IFN-y 

levels. . 

Itt can be argued that the effects seen after IL-12 injection are mediated by IFN-y and 

nott by IL-12 itself. For instance, IFN-y has been reported to induce the production of MCP-

11 and IP-10 in vitro [40, 41]. However, many changes (anti-inflammatory cytokine 

response,, neutrophilia, and activation of coagulation) were already ongoing while levels of 

IFN-yy were either undetectable or very low. In addition, studies in IFN-y receptor knock-out 

micee have shown that these mice remain capable of mounting an inflammatory response 

afterr administration of IL-12 [42]. 

Itt should be noted that in our study the plasma concentrations of IL-12p70 were at least 

onee log higher than those commonly found in severe sepsis. It is important to realize, 

however,, that during sepsis plasma IL-12 levels are a reflection of tissue IL-12 

concentrationss which conceivably are much higher. Nonetheless, our findings should be 

interpretedd with caution when placing them in the context of the rule of IL-12 in the 

pathophysiologyy of sepsis. 

Dailyy i.v. administration of rhIL-12 at a dose of 0.5 ug/kg (i.e. half the dose used in the 

presentt study) to cancer patients has been associated with serious toxicity and two deaths 

thatt were considered to be related to the use of IL-12 [10]. The toxicity found in this phase 

22 trial was unexpected since in an earlier phase 1 study, in which the first IL-12 injection 

wass given 13 days before the start of a 5-day cycle of daily i.v. IL-12 injections, the 

maximumm tolerated dose was established at 0.5 ug/kg [43]. Additional studies in mice and 

monkeyss performed after this calamity, have revealed that a single first IL-12 dose two 

weekss before a cycle of daily IL-12 administrations has an unexpected abrogating effect on 

IFN-yy production and toxicity [10]. Our present findings indicate that careful attention is 

requiredd when IL-12 is given on consecutive days, considering the risk of a cumulative 

effectt of repeated IL-12 injections on systemic inflammatory responses. 

AA single injection of IL-12 caused a delayed and sustained activation of multiple 

inflammatoryy pathways, in the absence of detectable plasma concentrations of TNF and IL-

lp.. These findings may be relevant for the understanding of the role of IL-12 in the 

pathogenesiss of sepsis syndrome, and of toxicity found in cancer patients after repeated 

injectionss of recombinant IL-12. 
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Abstract t 

Interleukinn (IL)-12 is considered a central regulator of host resistance against a variety of 

pathogens.. Therefore, IL-12 has been advocated as a potential therapeutic agent in 

infections.. To determine the in vivo effects of IL-12 on mononuclear cells involved in the 

hostt immune response, 4 chimpanzees received an intravenous injection of recombinant IL-

122 (1 (ig/kg). IL-12 induced a sustained decrease of lymphocyte counts, with decreases in 

CD3+/CD4++ and CD3+/CD8+ cells, while monocyte counts showed a transient increase. 

IL-122 injection resulted in a shift towards a Thl mediated immune response as indicated by 

increasedd interferon-y production during whole blood stimulation, while not influencing IL-

44 production. IL-12 induced activation of NK cells and phagocytes, as indicated by 

increasedd NK cell cytotoxicity, and increased plasma levels of granzymes A and B, and of 

chitotriosidasee activity. These data support the hypothesis that IL-12 may serve as a useful 

therapeuticc agent in infections where a cell-mediated response is protective. 
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Introductio n n 

Interleukin-122 (IL-12) is a pro-inflammatory heterodimeric cytokine formed by two 

covalentlyy linked chains of 35 kD (p35) and 40 kD (p40) (1). These two subunits are 

encodedd by two different and independently regulated genes, and production of both 

subunitss within the same cell is required for the formation of the biologically active p70 

heterodimer.. IL-12 is produced mainly by activated monocytes and macrophages, and by 

otherr antigen-presenting cells (APC). Potent inducers for IL-12 production are bacteria, 

bacteriall  products and intracellular parasites. Most biological effects of IL-12 involve 

activitiess on natural killer (NK) and T cells. IL-12-induced activation of NK and T cells 

leadss to enhanced cytotoxic lytic activity and the production of cytokines, most importantly 

off  interferon-y (IFN-y), which is a potent activator of the antimicrobial activity of 

phagocyticphagocytic cells (2). In addition, IL-12 promotes the differentiation of CD4+ naive T cells 

intoo T helper-1 (Thl) cells and hereby plays a central role in the regulation of the Thl/Th2 

balancee (3). A Thl response is associated with a cell-mediated immune response, and found 

too be protective against a variety of intracellular pathogens. Thus, by its divergent activities, 

IL-122 plays an important role in both innate resistance and antigen specific cell-mediated 

immunityy (4). 

IL-122 has been shown to augment host defense in animal models of several infections 

(5,, 6). Indeed, in mice endogenous IL-12 was essential for host defense against a number of 

intracellularr pathogens like Mycobacterium tuberculosis, Leishmania major and Listeria 

monocytogenesmonocytogenes (7-9). In addition, exogenously administered IL-12 increased host 

resistancee to Mycobacterium tuberculosis (10, 11), and induced a protective immune 

responsee to Leishmania major and Listeria monocytogenes (12-14). In a mouse model of 

KlebsiellaKlebsiella pneumonia, endogenous IL-12 was essential for adequate local bacterial 

clearancee and survival, while temporary IL-12 overexpression in the lung protected against 

mortalityy (15). Furthermore, administration of IL-12 protected Plasmodium cynomolgi-

infectedd rhesus monkeys against malaria (16). 

Sincee IL-12 has been implicated as a central mediator of host resistance against a 

varietyy of pathogens, it has been suggested that IL-12 may be used as a potential adjuvant 

therapeuticc agent in infections by intracellular mycobacteria and parasites in humans. 

However,, data on the in vivo effects of IL-12 in primates are limited. Therefore, in the 

presentt study we investigated the effects of an intravenous injection of IL-12 in healthy 

chimpanzeess on mononuclear cells involved in thee host immune response to infection. 
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Material ss and methods 

Studyy design and sampling 
Fourr healthy adult chimpanzees (Pan troglodytes; 22.4-35.4 kg) were studied. They were 

recruitedd from the primate colony at the Biomedical Primate Research Center (BPRC), 

Rijswijk,, the Netherlands. None of the animals had abnormalities on routine examination. 

Thee present study was performed simultaneously with investigations on the effects of IL-12 

onn host inflammatory mediator systems like the cytokine network, coagulation and 

fibrinolysis,, the results of which will be reported elsewhere (17). The chimpanzees were 

sedatedd with ketamine chloride i.m., and after intubation kept under general anesthesia with 

nitrouss oxide and halothene until 4 h after IL-12 administration. Vital functions were 

registeredd continuously during this period. Follow-up sampling after the first 4 h was done 

inn animals that were briefly sedated with ketamine chloride. All animals received an i.v. 

boluss injection of recombinant human (rh) IL-12 (provided by Genetics Institute, Inc, 

Andover,, MA) at a dose of 1 ug/kg body weight (specific activity l.lxlO7 U/mg rhIL12). 

Previouss in vitro work demonstrated that human IL-12 is active on chimpanzee peripheral 

bloodd mononuclear cells (PBMC's), as reflected by its capacity to induce the production of 

IFN-yy (data not shown). 

Bloodd samples were obtained by separate venipunctures directly before IL-12 

administrationn (0 h) and at 4, 8, 24, and 48 h thereafter. Blood for FACScan analysis and 

NKK cell cytotoxicity assay was collected in heparin containing vacutainer tubes, blood for 

measurementt of chitotriosidase levels in tubes containing buffered citrate; all other samples 

weree collected in EDTA (K3) tubes. Plasma was prepared by centrifugation (1600 x g for 

200 minutes at 4°C) and stored at-20°C until assays were performed. The protocol was 

approvedd by the scientific committee of the Academic Medical Center and the Institutional 

Animall  Care and Use Committee of BPRC. 

FACScann analysis 
Bloodd for FACS analysis was immediately placed on ice. Erythrocytes were lysed with ice-

coldd isotonic NH4C1 solution (155 mM NH4C1, lOmM KHC03, 0.1 mM EDTA, pH 7.4) for 

100 minutes. Cells were centrifuged at 600 x g for 5 minutes at 4°C. The remaining cells 

weree washed twice with cold FACS buffer (phosphate buffered saline (PBS) supplemented 

withh 0.01% NaN3, 0.5 % BSA, and 0.3 mM EDTA) and resuspended in FACS buffer. For 

staining,, lxlO6 cells/ tube were incubated with the following mouse monoclonal antibodies 

(mAbs):: CD2 (Becton Dickinson & Co, Rutherford, NJ), CD 8 (Central Laboratory of the 

Netherlandss Red Cross Blood Transfusion Service (CLB), Amsterdam, the Netherlands), 

CD11 la (clone SPV-L7 (18)), CD25 or CD56 (all CLB), MHCII (clone Q5/13 (19)). FITC-

conjugatedd F(ab)2 fragments of goat-anti-mouse immunoglobulins (Zymed, Inc., Camarillo, 
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CA)) were added as a second antibody. In a final incubation step, Cy-Chrome5-labeled anti-

CD44 mAb (Dako, Glostrup, Denmark) and/ or phycoerythrin-labeled anti-CD3 

(Immunotech,, Marseille, France) were added. The appropriate isotype controls were 

includedd in all experiments. All FACS reagents were used in concentrations recommended 

byy the manufacturers. Lymphocytes and monocytes were gated by forward and side scatter 

usingg a FACScan (Becton Dickinson) and 5,000 cells were counted. Results are expressed 

ass the percentage of gated cells positive for the Abs used, or as the mean cell fluorenscence 

intensityy (MFI) after subtraction of control IgG fluorescence. 

Wholee blood stimulation 
BloodBlood for in vitro stimulation was collected aseptically using a sterile collecting system 
consistingg of a butterfly needle connected to a syringe (Becton Dickinson). Anticoagulation 
wass obtained using endotoxin-free heparin (Leo Pharmaceutical Products B.V., Weesp, the 
Netherlands;; final concentration 10 U/ml blood). Whole blood, diluted 1:5 in sterile RPMI 
16400 supplemented with L-glutamine (Bio Whittaker, Verviers, Belgium) was stimulated 
forr 24 h at 37°C in the presence or absence of anti-CD3/anti-CD28 (CLB; final 
concentrationn 1:1000 both) or Staphylococcal Enterotoxin B (SEB) (Sigma, St. Louis, MO; 
11 ug/ml). After the incubation, supernatant was collected after centrifugation ( at 4°C for 12 
minutess at 1600 x g) and stored at -20°C until assays were performed. 

NKK  cell cytotoxicity assay 
NKK cell cytotoxicity was measured against K562 target cells in a 4-h 5'Chromium (51Cr) -

releasee assay (20). Heparin blood was diluted 1:1 in sterile cold PBS. PBMC's were 

isolatedd by Ficoll-Hypaque density gradient centrifugation (Ficoll Paque, Pharmacia 

Biotech,, Uppsala, Sweden) at room temperature for 20 minutes at 1000 x g. PBMC's were 

collectedd in the inter-phase and washed twice with Iscove's modified Dulbecco's medium 

(IMDM ,, Bio Whittaker) supplemented with L-glutamine, containing 10% fetal calf serum 

(FCS),, and 1% Antibiotic-Antimycotic (GibcoBRL, Life Technologies, Grand Island, NY). 

K5622 target cells were labeled with 5,Cr-labeled sodium chromate (100 uCi/106 cells) for 1 

hh at 37°C. After the incubation, cells were washed twice with IMDM . Target cells were 

addedd to wells of a U-bottom 96-well plate (Costar, Cambridge, MA) at a concentration of 

11 x 104/well and, after centrifugation (at room temperature for 2 minutes at 800 x g) 

incubatedd for 4h at 37°C with PBMC's at effector to target (E:T) ratios from 80:1 to 5:1. 

Maximall  release (MR) and spontaneous release (SR) were determined by incubating K562 

cellss with 5% Triton X-100 or medium alone, respectively. All determinations were done in 

quadruplicate.. Radioactivity in supernatant was counted in a gamma counter. Percentage of 

specificc lysis was calculated using the formula: (mean cpm experimental release - mean 

cpmm SR) / (mean cpm MR - mean cpm SR). 
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Assays s 
Leukocytee counts and differentials were determined by flow cytometry. IFN-y and IL-4 

weree measured by ELISA according to the instructions of the manufacturer (both CLB, 

detectionn limit 5 pg/ml and 1.2 pg/ml respectively). 

Granzymee A and B levels were measured in EDTA plasma by sensitive ELISA's as 

describedd previously (21).Nitric oxide (NO) production was assessed by measurement of 

nitritee and nitrate by a colorimetric assay according to the instructions of the manufacturer 

(Caymann Chemical Company, Ann Arbor, MI) . Total NO production was expressed as the 

summ of both nitrite and nitrate production. Chitotriosidase activity was measured by 

incubatingg 10 ul of citrated plasma for 30 minutes at 37°C with 4 MU-chitotrioside 

substratee as described previously (22). 

Statistics s 
Eitherr individual data are given, or data are expressed as mean  SE of the four 

chimpanzees.. Changes in time were analyzed by one-way analysis of variance. Differences 

fromm baseline levels were assessed by Dunnett t-test for multiple comparisons where 

appropriate.. P < 0.05 was considered to represent a significant difference. 

Results s 

Celll  counts and activation markers 
IL-122 administration induced a sustained decrease in lymphocyte counts, which was 

associatedd with decreases in both CD3+/CD4+ and CD3+/CD8+ cells (Table I). In contrast, 

IL-122 elicited a transient increase in monocyte counts, peaking after 8 h (Table I). IL-12 

alsoo induced up-regulation of the adhesion molecules CD2 and CDlla on CD3+ cells 

(Tablee 2), while not influencing the expression of CD25 (data not shown). On monocytes, 

IL-122 induced upregulation of MHC class II expression (Table II), while the expression on 

lymphocytess did not alter (data not shown). 

Inn vitr o stimulation 
Inn order to determine the effects of IL-12 on the Thl/Th2 balance, cytokine production was assessed 

duringg whole blood stimulation with T-cell agonists. IFN-y was measured as the prototypic Thl 

cytokinee while IL-4 was measured as a characteristic Th2 cytokine. IL-4 and IFN-y levels were 

correctedd for the number of CD3+/CD4+ cells at the selected timepoints. IFN-y was detectable in the 

unstimulatedd samples at 24 and 48 h after IL-12 injection; therefore, IFN-y levels are expressed as the 

differencee between levels in the stimulated samples and levels in the unstimulated samples. Anti-

CD3/CD288 and the bacterial superantigen SEB induced the production of IL-4 and IFN-y in whole 
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blood.. After IL-12 injection, the IFN-y production in the in vitro stimulations with both stimuli 

stronglyy increased, with a maximal IFN-y response at 48 h (Fig. 1). In contrast, IL-4 production 

remainedd unaltered. 

Tablee I. Effects of IL-12 on lymphocyte and monocyte counts. 

Timee (h) 

lymphocytess (xio"/L) 
CD3+/CD4++ cells (xio'/L) 
CD3+/CD4++ cells (%) 
CD3+/CD8+cellss (xio"/L) 

CD3+/CD8++ cells (%) 

monocytess (xio"/L) 

0 0 

2.11 i ü . 4 
0.99 + 0.1 

42.99 5 
0.66 + 0.2 

26.44 + 3.7 

0.66 2 

4 4 

2.00 4 
0.99 1 

8 8 
0.55 2 

21.9x4.4 4 

0.77 2 

8 8 

1.00 2 
0.33 + 0.1* 

25.11 ' 
0.22 + 0.1 

10.88  1.1 

1.88 * 

24 4 

0.99 ' 
0.33  0 1 

38.99 1 
0.22 1 

27.33 5 

0.99 3 

48 8 

1.11 2 
0.44 1 

38.99 1 
0.33 1 

27.22 5 

0.55 2 

P--
value e 

0.028 8 

0.002 2 

NS S 

0.009 9 

Valuess are mean  SE of 4 chimpanzees. RhIL-12 (1 ug/kg) was given as an i.v. bolus injection at t= 
00 h. Analysis by flow cytometry and FACScan analysis. Data are expressed as cell counts or 
percentagee positive cells within the lymphocyte population. P-value reflects changes in time analyzed 
byy one-way analysis of variance. * indicates P < 0.05 versus baseline by Dunnett t-test. NS= not 
significant. . 

IL-4 4 

20 0 

10 0 

n n 

IFN-y y 

 anti-CD3/anti-CD28 

 SEB j 

P<0.055 J_ 

* * 

timee (h) 

Figuree 1. Effects of IL-12 on the Thl/Th2 balance. RhIL-12 (1 ug/kg) was given as an i.v. bolus 
injectionn at t= 0 h. Whole blood, diluted 1:5 in RPMI was stimulated for 24 h at 37°C in the presence 
orr absence of anti-CD3/anti-CD28 (final concentration 1:1000 both) or Staphylococcal Enterotoxin B 
(SEB)) (1 ug/ml). IFN-y, as the prototypic Thl cytokine and IL-4, a Th2 cytokine, were measured in 
supernatant.. Data are expressed as cytokine levels after subtraction of levels in unstimulated samples. 
Dataa are mean + SE of 4 chimpanzees. P-value reflects changes in time analyzed by one-way analysis 
off  variance. * indicates P < 0.05 versus baseline by Dunnett t-test. 

NKK  cell responses 

NKK cell cytotoxicity against K562 cells was assessed in 2 chimpanzees. NK cytotoxicity 

stronglyy increased after IL-12 injection at E:T ratio's from 80:1 to 20:1, reaching a peak at 8 

hh after injection (54.5 % specific lysis at E:T ratio 80:1) in 1 chimpanzee, and a peak at 24 

hh (25.3 %) in the other chimpanzee (Fig. 2). During the experiment, the percentage of CD3" 

/CD56++ NK cells within the lymphocyte population did not change compared to baseline 

forr the 2 animals in which NK cell cytotoxicity was assessed (data not shown). 
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24 4 
timee (h) 

Figuree 2. Enhanced NK cell cytotoxicity after an i.v. bolus injection of rhIL-12 (1 ug/kg). NK cell 
cytotoxicityy was measured against K562 cells in a 4-h 5lCr-release assay. PBMCs were incubated for 
44 h at 37°C with 5lCr-labeled K.562 cells at different effector to target (E:T) ratio's. Results are data 
fromm 2 individual chimpanzees. 

Solublee products 

Too determine whether IL-12 administration results in activation of cytotoxic lymphocytes 

andd phagocytes, the effector cells of innate immunity, we measured the secretion of cell 

activationn products in plasma. Both granzyme A and B plasma levels showed a remarkable 

increasee late after IL-12 administration, both reaching peak levels at the end of the study 

periodd (9.77  2.70 ng/ml and 0.27  0.07 ng/ml respectively; P < 0.05 both) (Fig.3). 

Plasmaa chitotriosidase activity modestly increased after IL-12 injection, peaking at 48 h 

(221.33  20.4 nmol/ml.h; P < 0.05). NO plasma levels remained unaltered during the study 

periodd (data not shown). 
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Figuree 3. IL-12 injection results in increased plasma levels of granzyme A and B, and of 
chitotriosidasee activity. RhIL-12 (1 ug/kg) was given as an i.v. bolus injection at t= 0 h. Data are 
meann  SE of 4 chimpanzees. P-value reflects changes in time analyzed by one-way analysis of 
variance.. * indicates P < 0.05 versus baseline by Dunnett t-tcst. 
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Discussion n 

IL-122 is considered to be a key mediator in the regulation of the immune response by its 

capacityy to activate both innate and antigen specific immunity (1, 4). In several animal 

modelss endogenous IL-12 was shown to be essential for the host response against a variety 

off  pathogens, while IL-12 administration resulted in increased host resistance and 

protectionn against mortality (6-16). Therefore, IL-12 is a potential therapeutic agent in 

humann infectious diseases. In the present study we investigated the in vivo effects of IL-12 

inn chimpanzees. IL-12 administration resulted in the activation of NK and T cells, indicated 

byy enhanced NK cytotoxicity against K562 cells, and in upregulation of cellular adhesion 

(CD22 and CDlla) molecules on T cells. IL-12 injection was associated with increased 

plasmaa levels of granzyme A and B, and enhanced chitotriosidase activity. In addition, IL-

122 induced a shift in the Thl/Th2 balance towards a Thl immune response as measured by 

increasedd IFN-y production after in vitro stimulation of whole blood with anti-CD3/CD28 

orr SEB. 

Knowledgee of the effects of IL-12 in primates is highly limited. A previous study 

documentedd hematologic changes in cynomolgus monkeys after repeated daily injections of 

rhIL-122 (23). In accordance with the present results, decreases in lymphocyte counts and 

thee number of CD4+ and CD8+ cells were found on day 2. Remarkably, in HIV-infected 

patientss IL-12 administration was associated with a reduction in NK cell cytotoxicity as 

determinedd by an assay in which HIV-infected target cells were used as target cells (24). In 

thee present study, IL-12 enhanced NK cell cytotoxicity towards the widely used K562 

targett cells, a finding that is in line with previously reported in vivo effects of IL-12 on NK 

celll  activity in mice (1, 4). IL-12 has been used in phase 1 and 2 trials in cancer patients 

(25,, 26). Daily administration of rhIL-12 was associated with serious toxicity (26). A single 

injectionn of IL-12 2 weeks before the start of a cycle of IL-12 administrations and less 

frequentt dosing of IL-12 have been shown to prevent the toxic effects. After repeated IL-12 

injections,, a selective expansion of CD8+CD18bnghl T cells was found, with features of both 

memoryy and effector cells (27). 

Itt could be argued that the experimental procedures per se may influence the immune 

systemm and that the observed effects were not completely due to IL-12 administration. 

However,, previous studies in chimpanzees have shown that sedation with ketamine does 

nott induce changes in inflammatory parameters like the cytokine network, leukocyte counts 

andd degranulation, coagulation or fibrinolysis (28, 29). Furthermore, surgical stress induces 

immunologicall  changes in an opposite direction when compared with the changes in the 

presentt study. Major stress is associated with a shift of the Thl/Th2 balance towards a Th2 

immunee response (30), while the number of T cells remained unaltered postoperatively. 

Also,, impaired T cell functions and decreased expression of MHC class II on monocytes 
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weree observed after surgery (31). In the present study, we found a shift towards a Thl 

immunee response and upregulation of MHC class II expression on monocytes, while the 

numberr of both CD4+ and CD8+ T cells in plasma decreased. Hence, the effects observed 

weree likely induced by IL-12, not by the experimental procedures. 

CD4++ T helper cells can be divided into Thl and Th2 cells, that can be distinguished 

byy the pattern of cytokine production upon ex vivo stimulation (32). Thl cells produce IFN-

y,, IL-2 and lymphotoxin, while Th2 cells produce IL-4, IL-5, IL-6 and IL-10. The Thl/Th2 

balancee plays a critical role in the outcome of several infectious and autoimmune diseases 

(33).. A Thl mediated response is known to enhance cell-mediated immunity and to protect 

againstt intracellular pathogens like Mycobacterium tuberculosis and Listeria 

monocytogenes,monocytogenes, while a Th2 type response in associated with humoral immunity (34). IL-

122 promotes a Thl immune response in vitro and in rodents. We demonstrate here that IL-

122 also enhances a Thl type response in primates. Indeed, IL-12 injection resulted in 

increasedd IFN-y production during whole blood stimulation with specific T cell stimuli, 

whilee not influencing the production of IL-4. We used the whole blood assay to study the 

Thl/Th22 balance since this method is thought to mimic in vivo conditions best (35). 

Unmanipulatedd blood contains circulating cytokines and hormones that can influence T cell 

function,, while isolation of PBMC's may importantly influence their function (36). 

Thee central role of NK cells in the innate resistance to infection has been demonstrated 

inn models of infectious disease in severe combined immune deficiency (SCID) mice, mice 

whichh lack B and T cells but have a normal NK cell population (37). NK cells are a 

subpopulationn of lymphocytes which are characterized by their MHC-independent antigen 

recognition.. NK cells together with cytotoxic T lymphocytes are often referred to as 

cytotoxicc lymphocytes (CL). Cytotoxicity of these CL on their target cells is mediated 

eitherr by Fas ligation or by the secretion of cytoplasmic granules (38). Granule exocytosis 

leadss to the release of a number of proteins into the intracellular space, including the pore-

formingg protein perforin and a family of serine proteinases called granzymes, which in a 

concertedd action trigger pathways of apoptosis (39). We found that IL-12 injection induced 

ann increase in the plasma levels of both granzyme A and granzyme B, together with 

increasedd cytotoxicity in a NK cytotoxicity assay. Previous in vitro studies have indicated 

thatt IL-12 presumably stimulates NK cell cytotoxicity through the induction of effector 

moleculess such as perforin and granzymes (40, 41). Indeed, in response to IL-12 increased 

rnRNAA levels of both perforin and granzyme A and B were found together with increased 

NKK cell cytotoxicity. It should be noted that in the present in vivo study maximal specific 

releasee in the NK assay was found at 8 h or 24 h after IL-12 injection, while maximal 

granzymee levels were measured at 48 h. NK cell derived cytokine production, most 

importantlyy of IFN-y, has been proven to stimulate early innate resistance by increasing the 

antimicrobiall  activity of phagocytes. We found previously that IL-12 injection resulted in 
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highh plasma levels of IFN-y from 24 h and onward, which conceivably contributed to IL-12 

effectss on monocytes/macrophages (17). 

Itt has been established that IL-12 requires co-stimuli for optimal activities on NK and 

TT cells. Other monocyte/macrophage-derived cytokines like TNF, IL-15 and IL-18 have 

beenn reported to be important co-stimulatory mediators for IL-12-induced IFN-y production 

byy both NK and T cells (42-44). In addition, the response of T cells to IL-12 can be 

augmentedd by the interaction of co-stimulatory molecules between T cells and APC's. Both 

B7/CD288 and CD2/CD58 interaction can facilitate adhesion between T cells and APC's 

andd importantly enhance the responsiveness of T cells to IL-12 (45-47). We found earlier 

thatt IL-12 injection triggers the production of co-stimulatory cytokines for IFN-y 

production,, i.e. IL-15 and IL-18 (17). We here show that IL-12 administration also caused 

ann upregulation of co-stimulatory molecules (i.e. CD2). Together, these data suggest that 

IL-122 can stimulate various pathways by which it can augment its own effects in vivo. 

Chitotriosidasee is the human chitinase and a secretory protein of activated macrophages and 

neutrophilss (22). A marked elevation of plasma chitotriosidase activity is found in patients 

withh Gaucher disease, which is considered to reflect enhanced secretion of chitotriosidase 

byy macrophages (48). In addition, small elevations can be found in some patients with other 

lysosomall  storage disorders (49). Plasma levels of chitotriosidase activity found after IL-12 

injectionn were much lower than levels found in patients with Gaucher disease. Therefore, 

ourr data can not discriminate between release of chitotriosidase from specific neutrophilic 

granuless or from activated macrophages. 

Inn conclusion, IL-12 injection resulted in the activation of both NK cells and 

phagocytes,, the effector cells of innate immunity, and a shift towards a Thl mediated 

immunee response in vivo. Hence, important in vitro IL-12 effects could be reproduced in 

chimpanzeess in vivo. These results support the hypothesis that IL-12 may be a useful 

therapeuticc agent to enhance host resistance against infections in which a cell-mediated 

responsee is considered to be protective. 
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Abstract t 

Staphylococcall  enterotoxin B (SEB) is a bacterial superantigen (SAg) produced by 

StaphylococcusStaphylococcus aureus. Administration of SEB to mice results in rapid release of cytokines 

itoo the circulation, follwed by a clonal expansion and subsequent deletion of SEB 

responsivee V(38+ T cells. To study the role of IL-12 in the immune response to SEB, IL-

12p400 gene deficient (IL-12p40") and wild-type (WT) mice were intraperitoneally injected 

withh SEB (100 |^g). SEB induced transient increases in the plasma concentrations of IL-

12p700 and IL-12p40 peaking at 4-8 h after injection, accompanied by enhanced expression 

off  IL-12p35 and IL-12p40 mRNA in spleens. The production of TNF, IL-2 and IL-10 did 

nott differ between IL-12p40"" and WT mice, while IFN-y concentrations were strongly 

reducedd in IL-12p40~~ mice from 4 h onwards. Although IL-12 is known to potently 

stimulatee T cell proliferation in vitro, the proliferation and subsequent deletion of SEB-

reactivee Vp8+ T cells did not differ between IL-12p40"/" and WT mice. Anti-IL-18 did not 

influencee IFN-y release in either WT or IL-12p40"'" mice. These data suggest that the role of 

IL-122 in SEB-induced immunopathology is limited to sustaining IFN-y release by an IL-18 

independentt mechanism. 
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Introductio n n 

Bacteriall  superantigens (SAgs) are a unique group of proteins that activate both antigen 

presentingg cells (APCs) and T cells (1). After binding to MHC class II molecules, SAgs 

interactt with specific Vp segments of the T cell receptor, resulting in the stimulation of a 

largee proportion of T cells (2). SAgs have been implicated in the pathogenesis of food 

poisoningg syndrome and the development of septic shock in humans (3). Staphylococcal 

enterotoxinn B (SEB) is a product of Staphylococcus aureus and is one of the best 

characterizedd and most studied SAgs. Injection of SEB in mice induces rapid activation and 

proliferationn of Vp8-specific T cells in vivo, resulting in the release of cytokines including 

TNF,, IL-2, IL-10 and IFN-y, which is followed by an anergic phase (4-6). Several factors 

havee been shown to play an important role in SEB-induced pathology. TNF is released 

shortlyy after SEB injection, and has been demonstrated to be a significant mediator of SEB-

inducedd toxicity (7). Also, priming for high IFN-y production resulted in increased SEB-

inducedd lethality (8). In contrast, the anti-inflammatory cytokine IL-10 has a protective 

effect,, presumably by downregulating the proinflammatory cytokine response, and by 

inhibitingg the function of APCs (9, 10). In addition, endogenously produced nitric oxide 

(NO)) and glucocorticoids protect against SEB-induced shock (11, 12). 

IL-122 is a proinflammatory heterodimeric cytokine formed by a p35 and a p40 subunit, 

whichh is mainly produced by APCs (13, 14). IL-12 is a potent stimulator of T cell 

functions,, including proliferation, cytotoxicity, and the release of cytokines, IFN-y in 

particular.. In addition, IL-12 plays an important role in the T helper (Th)l/Th2 balance by 

promotingg the differentiation of naive CD4+ T cells into Thl type cells, and stimulating the 

releasee of Thl type cytokines like IFN-y and IL-2. Endogenously produced IL-12 has been 

shownn to play an essential role in the pathogenesis of endotoxin-induced shock, i.e. 

neutralizationn of IL-12 profoundly inhibits IFN-y release, and protects against lethality 

duringg experimental endotoxemia in mice (15, 16). Littl e is known about the role of IL-12 

duringg SAg-induced pathology. A recent study reported on the regulation of IL-12 

productionn in response to SEB, and on the role of IL-12 for IFN-y production upon primary 

andd secondary challenge with SEB (17). 

Likee IL-12, IL-18 is a proinflammatory cytokine derived from activated 

monocytes/macrophages,, which is an important co-stimulus for optimal IFN-y production, 

especiallyy in the presence of IL-12 (18, 19). The importance of IL-18 for IFN-y synthesis 

hass been demonstrated in IL-18 gene deficient mice, and mice lacking IL-ip - converting 

enzymee (ICE), which is required to convert precursor IL-18 into the active IL-18 protein 

(20-23).. In addition, IL-18 has many other stimulatory activities on T and NK cells, 

includingg enhancement of proliferation and cytotoxicity, increasing anti-tumor activity, and 

activationn of Thl cells (19, 24). During experimental endotoxemia in mice, neutralization 
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off  IL-18 protected against LPS-induced liver injury (18). The role of IL-18 in SAg-induced 
shockk is unknown. 

InIn the present study, we investigated the role of IL-12 in SAg-induced responses by 

comparingg the effects of SEB in IL-12p40 gene deficient (IL-12p40"~ ) and normal wild-

typee (WT) mice. In addition, to study whether IL-18 plays a role in SEB-induced IFN-y 

productionn and/or acts as a co-stimulus for IL-12-stimulated IFN-y production, WT and IL-

12p40~""  mice were injected with SEB in combination with anti-IL-18 or control serum. 

Material ss and methods 

Mice e 

Al ll  experiments were approved by the Institutional Animal Care and Use Committee of the 
Academicc Medical Center. IL-12P40"'" mice were obtained from the Jackson Laboratory 
(Barr Harbor, ME). IL-12p40/" mice were on a Balb/c background. Normal Balb/c WT mice 
weree obtained from Harlan Spague Dawley Inc. (Horst, the Netherlands). Sex and age 
matchedd 8-10 weeks old mice, 3-8 mice per group per timepoint, were used in all 
experiments. . 

Reagents s 

SEBB was obtained from Sigma (St. Louis, MO). Rabbit anti-murine IL-18 antiserum was 

preparedd as described previously, and kindly donated by Dr. C. A. Dinarello (University of 

Coloradoo Health Sciences Center, Denver, CO) (20). This antiserum strongly inhibits LPS-

orr IL-12-induced IFN-y production by splenocytes in vitro (20, 25), and reduces IFN-y 

releasee and protects against lethality during experimental endotoxemia in mice (26). Rabbit 

serumm was used as a control (Sigma). Sheep anti-murine IL-12 was prepared as described 

previouslyy (27), and was kindly supplied by the Bioanalytical Sciences Department of 

Geneticss Institute, Inc. (Cambridge, Mass.). Sheep IgG (Sigma) was used as a control. 

Inn vivo experimental studies 

Micee were challenged intraperitoneal̂ with a single injection of SEB at dose of 100 ug 

dissolvedd in 200 ul saline. Control mice received saline only. In some experiments, mice 

weree pretreated with anti-IL-18 antiserum or control serum (200 |ul) 1 h prior to SEB 

administration.. Mice were anesthetized at different time points after challenge with SEB by 

FFMM (fentanyl citrate 0.079 mg/ml, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H20; 

off  this mixture 7.0 ml/kg intraperitoneally), and sacrificed by bleeding by cardiac puncture. 

Bloodd was collected in EDTA-containing tubes, and centrifuged at 1400 x g for 20 min. 

Supernatantss were stored at -20° until assays were performed. 
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Reversee transcription PCR (RT-PCR) for  cytokine message 
Spleenss were harvested after injection with saline and at several time points after SEB 

injection,, snap-frozen in liquid nitrogen and stored at -70°C. To extract total cellular RNA, 

spleenss from 3 mice per time point were pooled and homogenised in 1 ml of Trizol Reagent 

(GibcoBRL,, Life Technologies, Grand Island, NY). Then, total RNA was isolated using 

chloroformm extraction and isopropanol precipitation. The RNA pellet was dissolved in 100 

ull  diethylpyrocarbonate (DEPC)-treated water and quantified by spectrophotometry. 

Reversee transcription (RT) was performed by mixing 2 ug of total cellular RNA with 0.5 

ugg oligo(dT) (GibcoBRL) in a total volume of 12 ul. The mixture was incubated at 72°C 

forr 10 min. Thereafter, 8 ul of a solution containing 4 ul 5x First Strand Buffer 

(GibcoBRL),, 10 raM dithiothreitol (DTT; GibcoBRL), 1.25 mM dNTP's (Amersham 

Pharmacia,, Biotech, UK), and 100 U Superscript Reverse Transcriptase (GibcoBRL), was 

added,, and incubated at 42°C for 1 h. Finally, the tubes were heated to 72°C for 10 min. 

afterr which 180 ul H20 was added to the reaction mixture. Samples were stored at -20°C 

untill  further use. For PCR, 5 ul of cDNA solution was mixed with 20 ul of a solution 

containing,, lx PCR buffer (67 mM Tris-HCl (pH 8.8), 6.7 mM MgCl2t 10 mM 13-

mercaptoethanol,, 0.67 ug EDTA, 16.6 mM (NH4)2S04), 2% DMSO (Merck, Miinchen, 

Germany),, 1.25 ug BSA (Biolabs Inc., New England), 0.5 U AmpliTaq DNA polymerase 

(Perkinn Elmer Corp., Branchburg, NJ, USA) and 75 ng sense- and anti-sense 

oligonucleotidee primers specific for IL-12p35, IL-12p40 and p-actin (internal standard). 

Thee PCR reactions were performed in a thermocycler (Gene Amp. PCR System 9700, 

Perkin-Elmerr Corp.) using the following conditions: 94°C for 5 min (1 cycle), followed 

immediatelyy by 95°C for 1 min, 55°C (IL-12p35 and IL-12p40) or 58°C (p-actin) for 1 min, 

72°CC for 1 min (with variable numbers of cycles) and a final extension phase of 72 °C for 

100 min. For semiquantitative assessment of IL-12p35 and IL-12p40 mRNA, variable 

numberss of cycles were used to ensure that amplification occurred in the linear phase. To 

excludee the possibility of finding differences between tubes due to unequal concentrations 

off  cDNA in the PCR-reaction, a PCR using P-actin as the internal standard was performed 

onn each sample. P-actin was found to be linear at 27 amplification cycles, IL-12p35 and IL-

12p400 at 29 amplification cycles. The primers used for IL-12p35 (520 bp) were 5'-

AAACCTGCTGAAGACCAC-3'' (sense) and 5'-AGCTCAGATAGCCCATCAC-3 (anti-

sense),, for IL-12p40 (277 bp) 5'-ACTCACATCTGCTGCTCCAC-3' (sense) and 5'-

CCTCTGTCTCCTTCATCTTTTC-3'' (anti-sense), and for p-actin (617 bp) 5'-

GTCAGAAGGACTCCTATGTG-3'' (sense) and 5'-GCTCGTTGCCAATAGTGATG-3' 

(anti-sense).. PCR products were visualized by agarose gel electrophoresis. 
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Celll  isolation procedure 
Singlee cell suspensions were obtained from spleens and mesenteric lymph nodes, by 

crushingg through a 40 urn filter (Costar, Cambridge, MA) with sterile RPMI 1640 

supplementedd with L-glutamine (Bio Whittaker, Venders, Belgium), containing 10% fetal 

calff  serum, and 1% Antibiotic-Antimycotic (GibcoBRL). Erythrocytes were lysed with 

sterilee ice-cold isotonic NH4C1 solution (155 mM NH4C1, 10 mM KHC03, 0.1 mM EDTA, 

pHH 7.4) for 10 minutes. Cells were centrifuged at 600 x g for 5 minutes at room 

temperature,, washed twice with RPMI, and brought to the appropriate cell concentrations. 

FACScann analysis 
Incubationss for FACScan analysis were performed in 96-well V-shaped microplates 

(Greinerr B.V., Alphen a/d Rijn, the Netherlands). For staining, 5 x 105 cells/well were 

incubatedd with the following rat anti-mouse monoclonal antibodies (mAbs): FITC-labeled 

CD44 or CD8 (1:100, both PharMingen), in combination with phycoerythrin-labeled V(36 or 

VP88 (1:80, both PharMingen). The appropriate isotype controls (PharMingen) were 

includedd in all experiments. Cells were incubated on ice for 30 min., and washed twice with 

coldd FACS buffer (PBS supplemented with 0.01% NaN3, 0.5 % BSA, and 0.3 mM EDTA) 

andd resuspended in FACS buffer. Lymphocytes were gated by forward and side scatter 

usingg a FACScan (Becton Dickinson) and 5,000 cells were counted. Results are expressed 

ass the percentage of gated cells positive for the Abs used. 

Assays s 

Cytokinee concentrations were measured by specific ELISAs according to the instructions of 

thee manufacturers. TNF, IFN-y, IL-2, IL-4, IL-5, IL-12p70 and IL-18 reagents were 

obtainedd from R&D Systems (Abingdon, UK), IL-10 and total IL-12p40 reagents were 

fromm PharMingen. The lower detection limits of the assays were 14 pg/ml (TNF, IL-2, IL-

100 and IL-12p70), 31 pg/ml (IFN-y, IL-4, IL-5, IL-12p40 and IL-18). 

Statisticall  analysis 
Dataa are expressed as mean  SE. Differences between groups were analyzed by Mann-

Whitneyy U test. P < 0.05 was considered to represent a statistically significant difference. 
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Resul ts s 

Inductio nn of IL-1 2 

Too determine whether IL-12 is produced after i.p. injection of SEB, RT-PCR was 

performedd on spleen samples obtained from mice 4 h after injection of saline (controls) or 

att 2, 4 and 8 h after SEB. No detectable IL-12p35 and IL-12p40 mRNA was noted in 

spleenss of mice given saline. Administration of SEB induced the expression of both IL -

12p355 and IL-12p40 mRNA in the spleen (Figure 1A). Furthermore, SEB injection resulted 

inn transient increases in plasma concentrations of IL-12p70 and total IL-12p40, peaking 

afterr 4-8 h (Figure IB). Plasma concentrations of IL-12p70 were not detectable in control 

mice,, while levels of IL-12p40 were 2769  101 pg/ml. 
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Figuree 1. Injection of SEB i.p. (100 |j.g) induces the expression of IL-12p35 and IL-12p40 mRNA in 
spleenss and systemic release of IL-12p70 and IL-12p40. A. Spleens of 3 mice at each time point were 
pooledd for IL-12 mRNA and (5-actin mRNA expression as determined by RT-PCR. B. Plasma 
concentrationss of IL-12p70 and total IL-12p40 (mean  SE of 6-8 mice per time point) were 
measuredd at the indicated time points after injection of SEB. Control mice received saline only. 

Cytokin ee response to SEB 

Administrationn of SEB results in the release of proinflammatory and anti-inflammatory 

cytokiness (4). Indeed, TNF and IL-2 plasma concentrations rapidly increased after SEB 

injection,, reaching peak levels after 2 h (Figure 2). IFN-y and IL-10 increased gradually 

afterr SEB challenge, peaking at 4-8 h. Concentrations of TNF and IL-2 did not differ 

betweenn IL-12p40"'' and WT mice. The initial increase in IFN-y concentrations was similar 

inn IL-12p40"'" and WT mice; however, IFN-y concentrations quickly decreased in IL -
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12p40"""  mice after 4 h. Also, concentrations of IL-10 were slightly decreased in IL-12p40 

mice,, although this difference was not significant. 

timee (h) time (h) 

Figuree 2. Plasma concentrations of TNF, IL-2, IL-10 and IFN-y in IL-12p40~" 
micee and WT mice after i.p. injection of 100 ug SEB. Data are mean  SE of 
6-88 mice at each time point. * P < 0.05 vs. WT mice. 

Proliferatio nn of CD4+ and CD8+ cells to SEB in vivo 

Injectionn of SEB in vivo is characterized by proliferation of VP8+ T cells in peripheral 

lymphoidd organs (6). To determine whether IL-12 contributes to the expansion of SEB-

reactivee T cells, the percentage of CD4+ V(38+ and CD8+ VP8+ cells in splenocytes and 

mesentericc lymph node cells was assessed in IL-12p40'" and WT mice. As shown in Figure 

3,, at baseline, the percentage of both CD4+ VF38+ and CD8+ V(38+ cells in spleen and 

mesentericc lymph nodes did not differ between IL-12p40"~ and WT mice. At 2 days after 

SEBB injection, the percentage of CD4+ V(38+ and CD8+ VP8+ cells was almost twofold 

comparedd the percentages found in control mice. At 4 days after SEB injection, the number 

off  CD4+ Vp8+ cells had returned back to, or even below, normal, while the number of 

CD8++ VP8+ cells was still slightly increased. There was no difference in the response 

betweenn IL-12p40~" and WT mice. This proliferation was specific for SEB-reactive VP8+ 

positivee cells, since the number of Vp6+ cells did not increase after SEB injection (data not 

shown),, in either mice strain. 
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Figuree 3. Proliferation of VP8+ T cells in spleen and mesenterial lymph node cells in response to 
SEBB in IL-12p40 ' (closed symbols) and WT (open symbols). Cell populations were determined by 
FACScann analysis. IL-I2p40"'" and WT mice were injected i.p. with NaCl (t= 0) or 100 ug SEB i.p. 
andd sacrificed at 2 or 4 days after injection. Values are mean of 3 mice per group. Data are expressed 
ass percentage positive cells within the lymphocyte population of spleen or mesenterial lymph node 
cells. cells. 

Effectt  of anti-IL-1 8 on SAg-induced IFN-y production 

IL-188 is an essential cofactor for IFN-y production after LPS challenge (18). To determine 

whetherr IL-18 contributes to SEB-stimulated IFN-y production, and whether IL-18 interacts 

withh IL-12 to induce IFN-y release, WT and IL-12p40"'" mice were injected with anti-IL-18 

orr control serum 1 h prior to SEB administration, and sacrificed after 8 h for IFN-y 

measurements.. This time point was selected since differences in IFN-y concentrations 

betweenn IL-12p40"A and WT mice were most pronounced at 8 h after SEB injection (see 

Resultss and Figure 2). Again, IL-12p40~" mice had significant lower plasma concentrations 

off  IFN-y (Figure 4). Administration of anti-IL-18 did not affect SEB-stimulated IFN-y 

productionn in either WT or in IL-12p40"" mice. 
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Figuree 4. Effect of anti-IL-18 on SEB-induced 

IFN-yy release in IL-12p40"'" and WT mice. All 

micee were injected with 100 ug SEB i.p. in 

combinationn with anti-IL-18 or control serum 

(2000 u.1) administered i.p. 1 h prior to SEB, and 

sacrificedd after 8 h for IFN-y measurements. 

Dataa are mean  SE of 6 mice per group. * P < 

0.055 vs. WT mice. 
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Discussion n 

SEBB is a bacterial SAg produced by S. aureus, that interacts with both APCs and T cells 

(1).. Injection of SEB in mice induces polyclonal T cell activation, resulting in the 

productionn of pro- and anti-inflammatory cytokines, and proliferation of SEB-reactive 

Vp8++ T cells (2, 4, 5). We here demonstrate that injection of SEB also induces the release 

off  IL-12, a monocyte/macrophage-derived cytokine with potent T cell stimulatory 

activities.. IL-12 is composed of a p35 and a p40 subunit, which are encoded by two 

separatee and unrelated genes (13). Expression of both chains within the same cell is 

requiredd for the production of the biologically active IL-12p70 heterodimer. SEB 

stimulatedd the systemic release of both IL-12p70 and IL-12p40. Similar results were found 

inn a previous study, which demonstrated that IL-12 release is largely dependent on CD40-

CD400 ligand interaction and endogenous IFN-y release (17). 

Nextt we studied the role of IL-12 in the SEB-induced activation of the cytokine 

network.. Injection of SEB results in the early release of TNF, IL-2 and IL-10, which is 

followedd by the secretion of IFN-y. Both TNF and IFN-y have been demonstrated to 

importantlyy contribute to SEB-induced lethality (7, 8). IL-12 does not influence the early 

releasee of cytokines within 4 h after SEB injection, considering that IL-12p40"" and WT 

micee displayed no differences in TNF, IL-2, IL-10 and also in IFN-y release. However, IL-

122 contributes to the sustained increase in SEB-induced IFN-y production, since IFN-y 

concentrationss were strongly decreased in IL-12p40"" mice after 4 h. Our results on SEB-

stimulatedd IFN-y secretion are in contrast with results reported after injection of LPS, where 

IFN-yy production is largely dependent on IL-12 and neutralization of IL-12 protects against 

LPS-inducedd lethality (15, 16, 28). This illustrates the different mechanisms involved in 

SEBB stimulation compared to LPS stimulation, i.e. whereas the former results in polyclonal 

TT cell activation, the latter mainly activates monocytes/macrophages. 

Injectionn of SEB is characterized by the selective proliferation of V(38+ T cells in 

peripherall  lymphoid tissues, which involves both CD4+ and CD8+ cells (6). After the 

initiall  expansion, the number of V(38+ T cells decreases, which is most profound in the 

CD4++ population. Although the exact mechanism of SEB-induced cell death is unknown, 

evidencee exists for programmed cell death and involvement of Fas-Fas-ligand interaction 

(29,, 30). It has been well established that IL-12 can enhance the proliferation of CD4+ and 

CD8++ T cells (13). Also, IL-12 has been found to inhibit Fas-mediated apoptosis of CD4+ 

TT cells (31). However, the changes in the number of V08+ cells in response to SEB were 

nott different in IL-12P40"'" mice or in WT mice, suggesting that IL-12 does not play a role 

inn SEB-induced proliferation and death of peripheral T cells. 

IL-188 is an important cofactor for IFN-y production (18, 19). In the presence of IL-12, 

IL-188 synergistically enhances IFN-y production (32). The mechanism for synergistic 
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effectss between IL-12 and IL-18 involves the upregulation of IL-18 receptor expression by 

IL-122 on a variety of cells (33, 34). IL-18 is a produced by activated macrophages, where it 

iss first synthesized as an IL-18 precusor protein, which requires processing by ICE to 

releasee the biologically active mature protein (19, 22, 23). The importance of IL-18 for 

optimall  IFN-Y production has been demonstrated in IL-18 and ICE deficient mice, which 

producee littl e IFN-y despite normal IL-12 concentrations (20, 21). In the present study, IL-

188 does not contribute to IFN-y secretion after SAg challenge in both WT and IL-12P40"'" 

mice,, as demonstrated with neutralizing anti-IL-18 antiserum. This anti-serum has 

previouslyy been demonstrated to strongly inhibit LPS- and IL-12-stimulated IFN-y 

productionn by mouse splenocytes in vitro (20, 25). In addition, during experimental 

endotoxemiaa in mice, anti-IL-18 decreased IFN-y plasma concentrations and protected 

againstt lethality after injection with either Escherichia coli or Salmonella typhimurium LPS 

(26).. Therefore, contrary to results found in other infection models, during SAg-induced 

pathology,, IL-12 contributes to the sustained systemic release of IFN-y independently from 

IL-18.. During in vitro stimulation, IL-18 was found to potently stimulate the production of 

TNFF from non-CD 14+human PBMCs, followed by the release of IL-lp , IL-8 and MIP-lcx 

(35).. Also, IL-18 has been found to induce the production of GM-CSF and IL-2 (32, 36). 

Besidess its inhibitory effect on IFN-y release, injection of anti-IL-18 resulted in decreased 

productionn of macrophage inflammatory protein-2 (injection of E. coli LPS) and TNF (S. 

typhimuriumtyphimurium LPS) during murine endotoxemia. We also studied whether IL-18 is involved 

inn SEB-stimulated release of cytokines other than IFN-y at different time points. 

Administrationn of anti-IL-18 did not influence SEB-induced peak levels of TNF and IL-12 

(dataa not shown), suggesting that IL-18 is not a central mediator in SAg-related immune 

responses. . 

Inn conclusion, we demonstrate that IL-12 is strongly induced after in vivo 

administrationn of SEB in mice, and that IL-12 contributes to the sustained increase in IFN-y 

concentrations,, without influencing the release of other cytokines like TNF, IL-2 and IL-10. 

Althoughh IL-12 is a potent stimulator of T cell proliferation, IL-12 did not play a role in the 

clonall  expansion of SEB-reactive V(38+ T cells. Contrary to its function in other infection 

models,, IL-18 did not play a costimulatory role in SEB-induced IFN-y release. 
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Abstract t 

Too determine the role of endogenous IL-18 during pneumonia, IL-18 gene deficient 

(IL-18"'")) mice and wild-type (WT) mice were intranasally inoculated with Streptococcus 

pneumoniae,pneumoniae, the most common causative agent of community-acquired pneumonia. 

Infectionn with S. pneumoniae pneumoniae increased the expression of IL-18 mRNA, and was associated 

withh elevated concentrations of both precursor and mature IL-18 protein within the lungs. 

Althoughh survival did not differ between IL-18" and WT mice, IL-18"" mice had 

significantlyy more bacteria in their lungs and were more susceptible for progressing to 

systemicc infection at 24 h and 48 h post inoculation. The increased bacterial outgrowth in 

IL-188 " mice did not result from a reduced production of cytokines reported to have a 

protectivee role during pneumonia, nor from overproduction of anti-inflammatory cytokines. 

Inn addition, the release of chemokines, influx of granulocytes and the formation of an 

inflammatoryy response in the lung in response to S. pneumoniae pneumoniae were enhanced, rather than 

reducedd in IL-18"" mice. Anti-IL-12 did not influence bacterial clearance in either IL-18" 

orr WT mice. These data suggest that endogenous IL-18 plays an important role in the early 

antibacteriall  host response during pneumococcal pneumonia. 

72 2 



RoleRole of IL-18 in pneumococcal pneumonia 

Introductio n n 

StreptococcusStreptococcus pneumoniae is the most common causative microorganism in community-

acquiredd pneumonia (1, 2). Despite the availability of potent antimicrobial agents, 

pneumococcall  pneumonia remains an important cause of hospitalization and death. In 

addition,, emergence and spread of penicillin-resistant S. pneumoniae have become a 

worldwidee problem (3). Because of the high incidence of pneumococcal pneumonia and the 

increasingg occurrence of resistance of S. pneumoniae to penicillin and other antimicrobial 

agents,, it is important to obtain insight into the pathogenesis of pneumococcal pneumonia. 

Antibacteriall  host defense in the pulmonary compartment is regulated by a complex 

interactionn between immune competent cells and a network of cytokines and chemokines 

(4).. Proinflammatory cytokines, like TNF (5, 6), IL-6 (7) and IFN-y (8), produced in the 

lungg during murine pneumococcal pneumonia, have been found important for clearance of 

bacteriaa from the respiratory tract, while anti-inflammatory cytokines, including IL-10 (9), 

impairr this process. IL-18 is a proinflammatory cytokine which was originally identified in 

micee during endotoxin shock as a co-stimulatory factor for the production of IFN-y (10-12). 

IL-188 is mainly produced by activated macrophages, and is first synthesized as a precursor 

proteinn (pro-IL-18, 24 kD), which requires splicing by IL-lp-converting enzyme (ICE) to 

liberateliberate the 18 kD mature active protein (13, 14). Although IL-18 alone is not a potent 

stimulatorr of IFN-y production, it synergistically enhances IL-12-induced IFN-y production 

(15).. Besides its IFN-y-inducing effect, IL-18 has many proinflammatory effects on T and 

naturall  killer (NK) cells, enhancing proliferation and cytotoxicity, and stimulating the 

productionn of cytokines, including TNF, IL-2 and GM-CSF (15-18). In addition, IL-18 

enhancess Fas ligand-mediated cytotoxicity of NK and T cells and possesses potent anti-

tumorr activity (19-21). 

Recentt studies have investigated the role of IL-18 in the host response to infection. 

Duringg experimental endotoxemia in mice, neutralization of IL-18 protected against LPS-

inducedd liver injury (22). In contrast, IL-18 was protective during infections with Yersinia 

enterocolitica,enterocolitica, and intracellular pathogens like Leishmania major and Salmonella 

typhimuriumtyphimurium (23-25). The role of IL-18 in the pathogenesis of bacterial pneumonia is 

unknown.. Therefore, in the present study we sought to determine the importance of IL-18 

inn host defense against pneumonia caused by S. pneumoniae. For this purpose, we 

comparedd survival and several components of the host response in IL-18 gene deficient (IL-

18''")) and wild type (WT) mice. In addition, the possible interaction between endogenous 

IL-122 and IL-18 during pneumococcal pneumonia was studied by treatment of IL-18" and 

WTT mice with an anti-IL-12 antibody. 
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Material ss and methods 

Mice e 

Alll  experiments were approved by the Institutional Animal Care and Use Committee of the 

Academicc Medical Center. IL-18"" mice were generated as described previously (17). IL-

18"""  mice were on the C57BL/6 background. Normal C57BL/6 WT mice were obtained 

fromm Harlan Spague Dawley Inc. (Horst, the Netherlands). Sex- and age-matched (8-10 

weekss old mice) were used in all experiments. 

Inductionn of pneumonia. 

Pneumoniaa was induced as described before (5, 7, 9). S. pneumoniae serotype 3 was 

obtainedd from American Type Culture Collection (ATCC 6303; Rockville, MD). 

Pneumococcii  were cultured for 16 h at 37°C in 5% C02 in Todd-Hewitt broth. This 

suspensionn was diluted 1:100 in fresh medium and grown for 5 h to midlogaritmic phase. 

Pneumococcii  were harvested by centrifugation at 1500 x g for 15 min. and washed twice in 

sterilee 0.9% saline. Bacteria were resuspended in saline at different concentrations (see 

results),, as determined by plating 10-fold dilutions of the suspensions on blood agar plates. 

Micee were lightly anesthesized by inhalation of isoflurane (Upjohn, Ede, the Netherlands), 

andd 50 ul of bacterial suspension was inoculated intranasally. Control mice received 50 ul 

saline. . 

Reversee transcriptio n PCR (RT-PCR) for  cytokine message 

Lungss were harvested at 24 h and 48 h after inoculation with S. pneumoniae and 24 h after 

inoculationn with saline, snap-frozen in liquid nitrogen and stored at -70°C. To extract total 

cellularr RNA, lungs from 3 mice per time point were pooled and homogenised in 1 ml of 

Trizoll  Reagent (GibcoBRL, Life Technologies, Grand Island, NY). Then, total RNA was 

isolatedisolated using chloroform extraction and isopropanol precipitation. The RNA pellet was 

dissolvedd in 100 ul diethylpyrocarbonate (DEPC)-treated water and quantified by 

spectrophotometry.. Reverse transcription (RT) was performed by mixing 2 ug of total 

cellularr RNA with 0.5 ug oligo(dT) (GibcoBRL) in a total volume of 12 ul. The mixture 

wass incubated at 72°C for 10 min. Thereafter, 8 ul of a solution containing 4 ul 5x First 

Strandd Buffer (GibcoBRL), 10 mM dithiothreitol (DTT; GibcoBRL), 1.25 mM dNTP's 

(Amershamm Pharmacia, Biotech, UK), and 100 U Superscript Reverse Transcriptase 

(GibcoBRL),, was added, and incubated at 42°C for 1 h. Finally, the tubes were heated to 

72°CC for 10 min. after which 180 ul H20 was added to the reaction mixture. Samples were 

storedd at -20°C until further use. For PCR, 5 ul of cDNA solution was mixed with 20 ul of 

aa solution containing, lx PCR buffer (67 mM Tris-HCl (pH 8.8), 6.7 mM MgCL, 10 mM B-

mercaptoethanol,, 0.67 ug EDTA, 16.6 mM (NH4)2S04), 2% DMSO (Merck, Munchen, 
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Germany),, 1.25 jag BSA (Biolabs Inc., New England), 0.5 U AmpliTaq DNA polymerase 

(Perkinn Elmer Corp., Branchburg, NJ, USA) and 75 ng sense- and anti-sense 

oligonucleotidee primers specific for IL-18 and P-actin (internal standard). The PCR 

reactionss were performed in a thermocycler (Gene Amp. PCR System 9700, Perkin-Elmer 

Corp.)) using the following conditions: 94°C for 5 min (1 cycle), followed immediately by 

95°CC for 1 min, 58°C for 1 min, 72°C for 1 min (with variable numbers of cycles) and a 

finall  extension phase of 72°C for 10 min. For semiquantitative assessment of IL-18 mRNA, 

variablee numbers of cycles were used to ensure that amplification occurred in the linear 

phase.. To exclude the possibility of finding differences between tubes due to unequal 

concentrationss of cDNA in the PCR-reaction, a PCR using P-actin as the internal standard 

wass performed on each sample, p-actin was found to be linear at 27 amplification cycles, 

IL-188 at 29 amplification cycles. The primers used for IL-18 (433 bp) were 5'-

ACTGTACAACCGCAGTAATACGG-3'' (sense) and 5'-AGTGAACATTACAGATTTA-

TCCC-33 (anti-sense), and for p-actin (617 bp) 5'-GTCAGAAGGACTCCTATGTG-3' 

(sense)) and S'-GCTCGTTGCCAATAGTGATG-S1 (anti-sense). PCR products were 

visualizedd by agarose gel electrophoresis. 

Determinationn of bacterial outgrowth 
Att 24 h and 48 h after infection, mice were anesthesized by FFM (fentanyl citrate 0.079 

mg/ml,, fluanisone 2.5 mg/ml, midazolam 1.25 mg/ml in H20; of this mixture 7.0 ml/kg 

intraperitoneally),, and sacrificed by bleeding out the vena cava inferior. Blood was 

collectedd in EDTA containing tubes. Whole lungs were harvested and homogenized at 4°C 

inn 4 volumes of sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, 

OK).. Serial 10-fold dilutions were made in sterile saline and 50 ul volumes were plated 

ontoo blood agar plates. In addition, 20 ul volumes of blood were plated. Plates were 

incubatedd at 37°C at 5% C02, and CFUs were counted after 16 h. 

Preparationn of lung tissue for  cytokine measurements and Western blot analysis 
Lungg homogenates were diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 

22 mM MgCl2, 2 mM CaCl2> 1% Triton X-100, and Pepstatin A, Leupeptin and Aprotinin 

(alll  20 ng/ml; pH 7.4) and incubated at 4°C for 30 min. Homogenates were centrifuged at 

15000 x g at 4°C for 15 minutes, and supematants were stored at -20°C until assays were 

performed. . 

Electrophoresiss and Western blotting 
Forr Western blots, 5 ug total protein was reduced with SDS sample buffer containing 20% 

p-mercaptoethanoll  and denatured for 5 min at 95°C. SDS-polyacrylamide gel 

electrophoresiss using a 15 % polyacrylamide gel was done according to Laemmli (26) at a 
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constantt voltage of 200 V. The proteins were transferred to Immobilon membrane using 

Tris-glycinee buffer containing 20% methanol. The transfer was performed at a constant 

amperagee of 0.33 A for 60 min. Non-specific binding sites on the membrane were blocked 

byy incubation in PBST buffer (PBS with 0,05% Tween 20 (v/v)) containing 2% nonfat dry 

milkk (w/v) at 4°C overnight followed by incubation with primary antibody, i.e. 3 ug of 

purifiedd rat anti-mouse IL-18 mAb (R&D Systems, Abingdon, United Kingdom) for 1 hour 

att room temperature. After three washes with PBST buffer containing 0,2% nonfat dry milk 

(w/v),, the membrane was incubated with peroxidase-conjugated rabbit anti-rat IgG Abs 

(P0450,, DAKO, Glostrup, Denmark) in a 1:2000 dilution at room temperature. After 

washing,, the IL-18 bands were visualized using the enhanced chemiluminescence (ECL) 

Westernn blotting detection system (Boehringer Ingelheim GmbH, Germany). Recombinant 

mousee (rm) pro-IL-18 and mature IL-18 (both 2 ug) were used as standards. RmIL-18 was 

obtainedd from R&D Systems; rmpro-IL-18 was kindly provided by Dr. C. A. Dinarello 

(Universityy of Colorado Health Sciences Center, Denver, CO). 

Bronchoalveolarr  lavage 

Thee trachea was exposed through a midline incision and canulated with a sterile 22-gauge 
Abbocath-TT catheter (Abort, Sligo, Ireland). Bronchoalveolare lavage (BAL) was 
performedd by instilling 0.5 ml aliquots of sterile saline. Approximately 1 ml of lavage fluid 
(BALF)) was retrieved per mouse. Total cell numbers were counted from each sample, and 
BALFF differential cell counts were done on cytospin preparations stained with a modified 
Giemsaa stain (Diff-Quick; Baxter, McGraw Park, IL). 

Histologicc examination 

Lungss for histologic examination were harvested at 24 h and 48 h after infection, fixed in 
4%% formaline and embedded in paraffin. 4 \xm sections were stained with hematoxylin and 
eosin,, and analyzed by a pathologist who was blinded for groups. 

Reagents s 

Polyclonall  sheep anti-murine IL-12 was administered at a dose of 200 ug intraperitoneally 
11 h prior to infection with S. pneumoniae. Anti-IL-12 was prepared as described previously 
(27),, and was kindly supplied by the Bioanalytical Sciences Department of Genetics 
Institute,, Inc. (Cambridge, Mass.). Sheep IgG (Sigma, St. Louis, MO) was used as a 
control. . 
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Assays s 
Cytokinee and chemokine levels in lung homogenates were measured by ELISA according 

too the instructions of the manufacturers (with detection limits): TNF (14 pg/ml), IL-12, 

IFN-y,, macrophage inflammatory protein-2 (MIP-2) (detection limits all 32 pg/ml) and KC 

(155 pg/ml) were all obtained from R&D Systems; IL-6 (20 pg/ml) and IL-10 (14 pg/ml) 

weree from PharMingen (San Diego, CA). 

Statisticall  analysis 
Alll  data are expressed as mean  SE. Differences between groups were analyzed by Mann-

Whitneyy U test. Survival was analyzed with Kaplan-Meier. P < 0.05 was considered to 

representt a statistical significant difference. 

Results s 

Inductionn of IL-18 in lungs 
Too determine whether IL-18 is produced within the pulmonary compartment during 

pneumococcall  pneumonia, RT-PCR was performed on lung samples obtained from mice 

inoculatedd with saline or at 24 and 48 h after infection with pneumococci. A faint band of 

IL-188 mRNA was found in lungs of mice receiving saline, indicating that some IL-18 

mRNAA is constitutively expressed (Fig. 1A). Intranasal infection with S. pneumoniae 

inducedd enhanced expression of IL-18 mRNA, as indicated by equal intensity of (3 actin 

bandss and clear differences in band intensity between control and pneumonia samples for 

IL-188 RT-PCR products. 

Too study whether IL-18 protein is produced during pneumococcal pneumonia, IL-18 

concentrationss were measured in lung homogenates by ELISA. Control mice had high 

levelss of IL-18 concentrations in their lungs (Figure IB). Infection with S. pneumoniae 

slightlyy increased IL-18 concentrations in lung homogenates although this difference was 

nott significant. Recently, it has been demonstrated that pro-IL-18 is expressed 

constitutivelyy in the liver and spleen of mice (28). Since the ELISA used to detect IL-18 

bindss both pro-IL-18 and mature IL-18 (data not shown), we performed Western blot 

analysiss to determine whether IL-18 detected in control lungs and after infection with S. 

pneumoniaepneumoniae consists of pro- or mature IL-18. As shown in Figure 1C, the majority of 

constitutivee IL-18 in the lung consists of pro-IL-18, but also mature IL-18 is present. 

Infectionn with S. pneumoniae resulted in increases in the amounts of both pro- and mature 

IL-188 at 24 h and 48 h after infection. 
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Figuree 1. IL-18 mRNA and IL-18 protein expression in 
lungss of control mice or during pneumococcal 
pneumonia.. Mice (8 per group) were inoculated 
intranasallyy with sterile saline (controls) or 1 x 105 CFU 
S.S. pneumonia, and sacrificed at the indicated time points. 
A.. IL-18 mRNA and P-actin mRNA expression in lungs 
ass determined by reverse transcription PCR. Lungs from 
33 mice were pooled for each time point. 

B.. Concentrations of IL-18 in lung homogenates as measured by ELISA. Data are expressed as mean 
 SE of 4-8 mice. C. Expression of pro- and mature IL-18 in lung homogenates as assessed by 

Westernn blot analysis in individual mice with a specific rat anti-mouse IL-18 Ab. Each lane shows a 
representativee result of a total of 4-8 mice for each group. Recombinant mouse (rm) pro-IL-18 and 
maturee IL-1 8 (both 2 ug) were used as standards. 

Survival l 

Too study the contribution of endogenously produced IL-18 in host defense against 

pneumococcall  pneumonia, survival in IL-18"'" and WT mice was studied after intranasal 

inoculationn with S. pneumoniae. There was no significant difference in survival in IL-18"'" 

comparedd to WT mice after inoculation with either 5 x 10 CFU or 1 x 103 CFU S. 

pneumoniaepneumoniae (Fig. 2). 
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Figuree 2. Survival in IL-18"'" and WT mice after intranasal inoculation with 5 x 10 CFU or 
11 x 1()5 CFU S. pneumoniae. 8-12 mice per group were studied. 
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IL-18"' ""  mice have increased bacterial outgrowth 

Too determine the role of IL-18 in early host defense against pneumonia, we compared the 

bacteriall  outgrowth in the lungs of WT and IL-18"'" mice at 24 and 48 hours after intranasal 

inoculationn with 1 x 105 CFU S. pneumoniae. Both at 24 h and 48 h post-infection, IL-18"" 

micee had significantly more bacteria in their lungs than WT mice (Fig. 3). In addition, the 

numberr of IL-18" mice that developed bacteremia was markedly higher compared to WT 

mice.. At 24 h after infection, 67 % of the IL-18"'" mice had positive blood cultures for S. 

pneumoniae,pneumoniae, while none of the WT mice had bacteria in their blood. At 48 h, all IL-18"" 

micee and only 50 % of WT mice were bacteremic. 
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Figuree 3. Bacterial outgrowth in lungs of IL-
18"'""  and WT mice at 24 h and 48 h after 
intranasall  inoculation with 1055 CFU S. 
pneumoniae.pneumoniae. Data are mean + SE of 8 mice. 
<< 0.05 vs. WT mice. 

Celll  influ x in BAL F 

AA marked increase in cell numbers in BAL F was found at 24 h and 48 h after infection of 

WTT mice with S. pneumoniae as compared to controls, which was mainly the result of 

granulocytee influx (Fig. 4). The number of recruited granulocytes in the lungs was 

markedlyy increased in IL-18"7" mice compared to WT mice at 24 h after infection (Fig. 4). 

Att 48 h, the number of granulocytes in BAL F did not differ between the two groups. 

Figuree 4. Numbers of granulocytes in BALF of 
IL-188 " and WT mice after intranasal 
administrationn of 1 x 105 CFU 5. pneumoniae. 
Dataa are mean  SE of 4 mice per group at each 
timee point. * P < 0.05 vs. WT mice. 

244 h 488 h 

Histopathology y 

Inn accordance with the cell count in BALF, the lungs of IL-18" mice showed significantly 

moree inflammatory infiltrates than WT mice at 24 h after inoculation. As illustrated in Fig. 

5a,, a massive inflammatory infiltrate was present in IL-18" mice with vasculitis. 

Neutrophilss were dominant and filled bronchi, bronchioles and adjacent alveolar spaces. In 
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WTT mice, the inflammation clearly was more discrete (Fig. 5b). At 48 h after inoculation, 

thee degree of inflammation was reduced in IL-18" mice (Fig. 5c) compared to 24 h but 

remainedd higher than in WT animals (Fig. 5d). 

Figuree 5. Representative histologic sections of lungs of IL-18''" mice (a and c) and WT mice (b and d) 
244 h (a and b) and 48 h (c and d) respectively after inoculation with 1 x 105 CFU S. pneumoniae. 
Haematoxylinn and eosin staining, original magnification x 25 (24 h) and x 50 (48 h). 

Cytokin ee and chemokine response to pneumococcal pneumonia 

Severall  proinflammatory cytokines and chemokines have been implicated in protective 

immunityy during bacterial pneumonia, including TNF (5, 6, 29), IL-6 (7), IL-12 (30), IFN-y 

(8),, MIP-2 (31), and KC (32). In contrast, the anti-inflammatory cytokine IL-10 has been 

foundd to hamper antibacterial defense in the lung (9, 33). To determine whether alterations 

inn the expression of these mediators contributed to the impaired host defense in IL-18" 

mice,, their concentrations were measured in lung homogenates. As shown in Table 1, lung 

concentrationss of IL-6 and the CXC chemokines MIP-2 and KC were higher in IL-18"7' than 

inn WT mice, while IFN-y levels were lower. Concentrations of TNF, IL-12, and IL-10 were 

nott different in IL-18"" compared to WT mice. 
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Tabell  I. Cytokine and chemokine concentrations in lunghomogenates of IL-18 " and WT mice 

andd 48 h after intranasal inoculation with 1 x 105 CFU S. pneumoniae. 

24hh 48 h 

(n°/gg lung) 

TNF F 
IL-6 6 
IL-12 2 
IFN-Y Y 
MIP-2 2 

KC C 
IL-10 0 

WT T 

9.22 8 
5.77 5 

26.55 6 
8.55 6 

15.00  5.1 
21.33 3 
9.00 + 0.8 

IL-18"'" " 

14.44 7 
96.44 1 
31.88  7.6 
6.00 ' 

34.77 3 
47.5  11.1 

7.88  1.4 

Dataa are mean  SE of 8 mice. * P < 0.05 vs. WT mice 

IL-1 88 mediated effects are independent of endogenous IL-1 2 

Thee combined action of IL-18 and IL-12 can result in synergistic effects on host immune 

cells,, as has been reported on the activation of Thl cells and the stimulation of IFN-y 

productionn (16, 22). To study whether IL-12 contributes to host defense against S. 

pneumoniae,pneumoniae, and whether IL-18 exerts its protective effect through interaction with IL-12, 

WTT and IL-18"'" mice were injected with a neutralizing antibody against IL-12 or control 

Abb 1 h prior to infection with pneumococci, and mice were sacrificed after 48 h. Injection 

off  anti-IL-12 in WT mice did not significantly influence bacterial outgrowth in the lung 

comparedd to control (Fig. 7). Again, IL-18"'" mice had more bacterial outgrowth in the lungs 

comparedd to WT mice after infection with S. pneumoniae. Administration of anti-IL-12 to 

IL-18"'""  mice did not influence bacterial outgrowth in comparison with IL-18" mice that 

receivedd a control Ab. These data indicate that IL-18 has IL-12 independent effects in host 

defensee to pneumococcal pneumonia. 

Figuree 6. Bacterial outgrowth in lungs of IL-18" 
andd WT mice at 48 h after intranasal inoculation 
withh 1 x 105 CFU 5. pneumoniae in combination 
withh anti-IL-12 Ab or control IgG injected i.p. 1 h 
priorr to infection with S. pneumoniae. Data are 
meann  SE of 8 mice. * P < 0.05 vs. WT mice 
receivingg control IgG. 
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11.55 2 
67.577  17.61 
88.88  14.7 
5.22 4 

48.55 9 
26.99 5 
5.55  11 

IL-18"" " 

14.44 3 
95.77  10.9 
44.11 4 
3.44  0.4' 

100.99 7 
45.66  10.2' 
3.22 8 
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Discussion n 

IL-188 was originally described as an important cofactor for IFN-y production from T and 
NKK cells in the presence of costimulatory signals, especially together with IL-12 (10, 11, 
16).. Recent studies have demonstrated that IL-18 has many other biologic activities, 
includingg stimulation of proliferation and cytotoxicity of T and NK cells, induction of Fas 
ligandd expression, potentiation of IL-12-induced activation of Thl cells, and the induction 
off  cytokine production (12, 15-20). IL-18 is produced during clinical infection and in 
variouss animal models of infection (10, 11, 23, 34). Importantly, endogenous IL-18 has a 
protectivee role in mice during infection with Y. enterolitica, and the intracellular pathogens 
L.L. major and S. typhimurium (23-25). 

Inn the present study we demonstrate the important role of IL-18 during gram-positive 
bacteriall  infection in the lung. IL-18 mRNA and IL-18 protein, mainly consisting of pro-IL-
18,, were found to be constitutively expressed within the lung. This is in agreement with 
earlierr studies, which showed that IL-18 rnRNA is expressed in lungs and other organs of 
normall  mice (23, 28, 35-37). Alveolar macrophages, the resident phagocytes within the 
airways,, are likely important producers of IL-18 within the lung, since IL-18 is known to be 
mainlyy produced by activated macrophages (22). Cameron et al. reported that the majority 
off  IL-18 mRNA within lung tissue of mice was localized to airway epithelium cells, 
althoughh inflammatory cells, mostly lymphocytes, within the airway wall and parenchyma 
alsoo expressed IL-18 mRNA (35). In addition, IL-18 mRNA expression was also found in 
granulocytess present in the lungs of LPS-treated mice. As demonstrated by Western blot 
analysis,, constitutively expressed IL-18 mainly consisted of biologically inactive pro-IL-18, 
althoughh also low concentrations of mature IL-18 were present. Intranasal infection with 5. 
pneumoniaepneumoniae induced the upregulation of IL-18 mRNA expression, and a modest increase in 
thee concentrations of both pro- and mature IL-18 protein in the lung. Importantly, bacterial 
outgrowthh in both lungs and blood was significantly increased in the early phase of 
infectionn in IL-18" mice compared to WT mice, although this did not result in differences 
inn survival. These data suggest that, although the release of IL-18 locally within the lung is 
nott strongly upregulated during pneumococcal pneumonia, IL-18 plays an important 
regulatoryy role in the early localized antimicrobial host defense against S. pneumoniae. 

Previouss studies have demonstrated that locally produced cytokines play an important 
rolee in the regulation of host defense against bacterial pneumonia (4). In a mouse model of 
pneumococcall  pneumonia, the absence of TNF or IL-6 activity was associated with 
enhancedd bacterial outgrowth in the lung and increased mortality (5-7). In contrast, the anti-
inflammatoryy cytokine IL-10 impaired bacterial clearance from the lung by attenuating the 
proinflammatoryy response (9). In our study, IL-18' mice did not have an impaired ability 
too produce TNF and IL-6, and no overproduction of IL-10 was found, making it unlikely 
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thatt an altered production of these cytokines contributed to their decreased host response to 

pneumococcall  pneumonia. 

Pneumoniaa is characterized by the recruitment of phagocytic cells, mainly 

granulocytes,granulocytes, to the site of infection (38, 39). Granulocyte influx in the lung was markedly 

increasedd in IL-18"'" mice at 24 h after S. pneumoniae inoculation. Accordingly, a severe 

bronchopneumoniaa with signs of vasculitis was observed in the lungs of IL-18'" mice at this 

timee point. The inflammatory infiltrate was much more discrete in the lungs of WT mice. 

Att 48 h, the number of granulocytes in BALF and the degree of inflammation was reduced 

inn IL-18"'" mice compared to 24 h but remained higher than in WT animals. Chemokines are 

aa family of small proteins, which play an essential role in leukocyte trafficking during 

inflammationn (40, 41). Based on their structure, chemokines are divided in several families. 

CXCC chemokines have stimulatory and chemotactic activities on neutrophils, while CC 

chemokiness mainly target mononuclear cells (41). Previously, the CXC chemokines MIP-2 

andd KC were found to serve a protective role during Klebsiella pneumonia in mice by the 

increasedd recruitment of neutrophils to the lungs associated with improved bacterial 

clearancee (31, 32). In the present study, lung concentrations of MIP-2 and, most strikingly, 

off  KC were increased in IL-18 " mice compared to WT mice. Previously, IL-18 has been 

reportedd to increase the in vitro production of IL-8, the human prototype CXC chemokine, 

whichh was mediated through enhanced release of TNF from non-CD14+ mononuclear cells 

(18).. Also, TNF has been found to induce the secretion of MIP-2 and KC in mice (42). In 

thiss respect, it is surprising that higher concentrations of MIP-2 and KC were found in 

lungss of IL-18"'" mice than in WT mice, in the presence of comparable TNF concentrations. 

Nonetheless,, it is conceivable that the increased KC and MIP-2 concentrations in lungs of 

IL-18"'""  mice contributed to the concurrently enhanced granulocyte influx in BALF. 

Alternatively,, the increased lung inflammation observed in IL-18-/- mice could merely be a 

reflectionn of an increased proinflammatory stimulus provided by the higher bacterial load. 

Togetherr with alveolar macrophages, the resident phagocytic cells in the lung, 

infiltratingg granulocytes are the first line of defense against infectious agents (38, 43). They 

eliminatee invading microorganisms by phagocytosis and subsequent intracellularly killing 

themm (38, 39). In addition, these cells play a critical role in orchestrating the inflammatory 

responsee by the secretion of bioactive lipids, cytokines and chemokines. Littl e is known 

aboutt the effect of IL-18 on the function of phagocytic cells, since most studies focussed on 

thee effects of IL-18 on T and NK cells. Additional studies are required to determine 

whetherr IL-18, either directly or through soluble mediators, affects the phagocytosis and/or 

intracellularr killing capacity of AM and granulocytes, which may provide an explanation 

forr the initial impaired clearance of S. pneumoniae from the lungs. 

IL-18,, originally named IFN-y-inducing factor (IGIF), has traditionally been viewed 

uponn as an important stimulator, together with IL-12, of IFN-y production (22). In 
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accordance,, IL-18" mice had lower IFN-y concentrations in their lungs than WT mice 

duringg pneumonia. Previous studies have suggested that IL-12 and IFN-y are involved in 

protectivee immunity during pneumonia (8, 30). However, data from the present and 

previouss studies, indicate that the protective role of endogenous IL-18 is mediated via IL-

122 and IFN-y independent mechanisms. Indeed, injection of anti-IL-12 did not influence 

pneumococcall  outgrowth in either WT or IL-18-/- mice. We confirmed these results in IL-

12p40"""  and IL-12p35"'" mice, which did not differ in bacterial outgrowth in their lungs and 

lethalityy as compared to WT mice during pneumococcal pneumonia (44 and data not 

shown).. These findings contrast with an earlier report in which anti-IL-12 treatment was 

foundd to hamper host defense in Klebsiella pneumonia (30). Possibly, the role of IL-12 is 

moree prominent during gram-negative (K. pneumoniae) pneumonia than in gram-positive 

(S.(S. pneumoniae) pneumonia. Also, we found that IFN-yR A mice and IFN-y''" mice are not 

moree susceptible to, or even slightly protected, to pneumococcal pneumonia (45). These 

resultss in mice lacking IFN-y activity, which were repeatedly confirmed in many 

experiments,, contrast with a previous study by Rubins et al. (8). These authors used much 

largerr inocula of S. pneumoniae (up to 108 CFU), associated with rapid mortality, which 

mayy have less relevance for clinical pneumonia. Together, these data strongly favor a role 

forr IL-18 during pneumococcal pneumonia that is unrelated to effets of IL-12 or IFN-y. 

Despitee the availability of potent anti-microbial agents, pneumonia remains an 

importantt cause of illness and mortality worldwide. The gram-positive bacterium S. 

pneumoniaepneumoniae is the most frequently isolated pathogen in patients with community-acquired 

pneumoniaa (1,2). Therefore, insight into the immune response against S. pneumoniae pneumoniae may 

contributee to potential adjuvant immunomodulatory therapies. We here demonstrate that 

endogenouss IL-18 has a protective role in the early immune response during murine 

pneumococcall  pneumonia by promoting bacterial clearance from the lung and delaying the 

progressionn to systemic infection. This is in line with previous studies which demonstrated 

thatt local inflammation, in which pro-inflammatory cytokines play a pivotal role, is 

essentiall  for local host defense against respiratory pathogens (5-7). We here show that IL-

188 possesses important immunoregulatory activities independent of IL-12 and IFN-y in 

vivo,, and should therefore not merely be considered as an IFN-y-inducing cytokine. The 

mechanismss by which IL-18 exerts its protective effects remain to be investigated in further 

experiments. . 
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Abstract t 

Interferon-yy (IFN-y) is considered an important mediator of antibacterial host defense. To 

determinee the role of IFN-y in host defense against pneumonia, IFN-y receptor deficient 

(IFN-yR"")) and 129/Sv wild type (WT) mice were intranasally inoculated with 

StreptococcusStreptococcus pneumoniae. Infection with S. pneumoniae induced comparable lung 

concentrationss of IFN-y in IFN-yR"" and WT mice. Mortality did not differ between IFN-

yR""  and WT mice inoculated with increasing doses of bacteria. At 48 h after inoculation, 

IFN-yR"""  mice had significantly less pneumococci in their lungs compared to WT mice (P < 

0.05).. Similarly, IFN-y"" Balb/c mice had less S. pneumoniae CFU in lungs than WT Balb/c 

micee at 48 h after infection (P < 0.05). The relatively increased resistance of IFN-yR"" mice 

too pneumococcal pneumonia was not related to favorable effects on host defense 

mechanismss known to contribute to antibacterial immunity in lungs, i.e. the influx of 

neutrophilss in bronchoalveolar lavage fluid was reduced, and the levels of protective 

cytokiness and nitric oxide were either similar or lower in IFN-yR" mice. These data 

suggestt that endogenous IFN-y, unlike its major protective role in host defense against 

intracellularr pathogens, does not serve a protective role during pneumococcal pneumonia. 
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Introductio n n 

StreptococcusStreptococcus pneumoniae is a gram-positive bacterium responsible for more than 50% of 

thee cases of community acquired pneumonia. Pneumococcal pneumonia is the fifth leading 

causee of death worldwide and among the patients with community acquired pneumonia 

whoo require hospitalization the mortality rate is as high as 25% (1, 2). Against this 

backgroundd and because of the growing resistance of the pneumococcus to antimicrobial 

therapy,, it is important to gain insight in the pathogenesis of pneumococcal pneumonia (3). 

Innatee defense mechanisms play an important role in the elimination of bacteria from the 

alveolus.. Phagocytic cells, as well as residential natural killer (NK) cells and T-cells, 

participatee in this response via the elaboration of chemotactic and regulatory cytokines (4). 

Interferon-yy (IFN-y) is a potent pro-inflammatory cytokine, mainly produced by antigen 

activatedd T and NK cells. IFN-y exerts several immune regulatory activities, including 

activationn of phagocytes, stimulation of antigen presentation by increasing the expression 

off  major histocompatibility complex (MHC) molecules class I and II on antigen presenting 

cellss (APCs), orchestration of leukocyte-endothelium interactions and stimulation of the 

respiratoryy burst (5, 6). IFN-y is considered to play a pivotal role in host defense against 

severall  infectious diseases. Peritoneal and alveolar macrophages can be activated by IFN-y 

inn vitro to express enhanced antimicrobial activity (7-10). Mice deficient for IFN-y 

(IFN-y"'")) or the IFN-y receptor (IFN-yR/'") demonstrated impaired pulmonary clearance of 

ToxoplasmaToxoplasma gondii, Listeria monocytogenes, Mycobacterium tuberculosis and Legionella 

pneumophiliapneumophilia (11-15). Furthermore, treatment with IFN-y improved the outcome in these 

modelss (16-19). 

Thee role of IFN-y in the pathogenesis of bacterial pneumonia is not well defined. In a 

ratt model of chronic Pseudomonas aeruginosa pneumonia, intraperitoneal administration of 

IFN-yy resulted in improved clearance of bacteria from the lung (20). In addition, in one 

study,, IFN-y"/_ mice showed increased mortality during bacteremic pneumococcal 

pneumoniaa (21). In the latter investigation, however, neither bacterial outgrowth in lungs, 

norr associated pulmonary inflammatory responses were reported. Therefore, in the present 

studyy we sought to determine the role of IFN-y in host defense mechanisms during 

pneumococcall  pneumonia using IFN-y R"" and IFN-y" mice. 
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Material ss and Methods 

Animals s 
Al ll  experiments were approved by the Institutional Animal Care and Use Committee of the 

Academicc Medical Center. 10-12 week old male IFN-yR " and wild type (WT) mice, both 

onn the 129/Sv/Ev x 129Sv/Ev genetic background, were kindly donated by Dr. M. Kopf 

(Basell  Institute for Immunology, Basel, Switzerland) (22). IFN-y"" BALB/c mice were 

purchasedd from The Jackson Laboratories (Bar Arbor, ME); WT BALB/c mice were from 

Harlandd Sprague Dawley Inc., Horst, the Netherlands. In all experiments, sex and age 

matchedd mice were used. 

Inductionn of pneumonia 
Pneumoniaa was induced as described previously (23-25). Briefly, S. pneumoniae serotype 3 

wass obtained from American Type Culture Collection (ATCC 6303; Rockville, MD). 

Pneumococcii  were grown for 6 h to midlogarithmic phase at 37°C in 5% C02 using Todd-

Hewittt broth (Difco, Detroit, MI) , harvested by centrifugation at 1500 x g for 15 minutes, 

andd washed twice in sterile isotonic saline. Bacteria were then resuspended in sterile 

isotonicc saline at different concentrations (see Results), as determined by plating serial 10-

foldd dilutions onto sheep-blood agar plates. Mice were lightly anesthesized by inhalation of 

isofluranee (Abort, Queensborough, Kent, UK), and 50 ul was inoculated intranasally. Some 

micee were inoculated intranasally with 50 ul of isotonic saline only (control mice). 

Preparationn of lung homogenates 
Att 24 and 48 h after inoculation, mice were anesthetized by intraperitoneal injection of 

Hypnormm (Janssen Pharmaceutica, Beerse, Belgium) and midazolam (Roche, Mijdrecht, the 

Netherlands),, and blood was collected from the vena cava inferior. Whole lungs were 

harvestedd and homogenized at 4°C in 5 volumes of sterile isotonic saline with a tissue 

homogenizerr (Biospect Products, Bartlesville, OK) that was carefully cleaned and 

disinfectedd with 70% alcohol after each homogenization. Serial 10-fold dilutions in sterile 

isotonicc saline were made of these homogenates (and blood), and 50 ul volumes were 

platedd onto sheep-blood agar plates and incubated at 37°C and 5% C02. CFUs were 

countedd after 16 h. For cytokine measurements lung homogenates were lysed in lysis buffer 

(3000 mM NaCl, 15mM Tris, 2mM MgCl, 2mM Triton(X-lOO), Pepstatin A, Leupeptin, 

Aprotinee (20 ng/ml), pH 7.4) for 30 min. at 4°C, and centrifuged at 1500 x g at 4°C for 15 

minutes.. The supernatant was frozen at -20°C until cytokine measurement. 
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Bronchoalveolarr  lavage 
Thee trachea was exposed through a midline incision and cannulated with a sterile 22-gauge 

Abbocath-TT catheter (Abbott, Sligo, Ireland). Bronchoalveolar lavage (BAL) was 

performedd by instilling two 0.5 ml aliquots of sterile isotonic saline. 0.9 - 1 ml of lavage 

fluidd (BALF) was retrieved per mouse, and total cell numbers were counted from each 

sample.. BALF differential cell counts were done on cytospin preparations stained with 

modifiedd Giemsa stain (Diff-Quick; Baxter, McGraw Park, IL.). BALF was then spun at 

7500 x g for 5 minutes at 4° C and supernatants were frozen at -20° C until measurements 

weree performed. 

Histologicc examination 

Lungss for histologic examination were harvested at 24 h and 48 h after infection, fixed in 

4%% formaline and embedded in paraffin. 4 urn sections were stained with hematoxylin and 

eosin,, and analyzed by a pathologist who was blinded for groups 

Celll  preparation and FACScan analysis 

Floww cytometric analysis was performed on cells in BALF and cells isolated from lungs. 

Lungg cells were isolated from freshly derived specimens using an automated desegregation 

devicee (Medimachine System; Dako, Glostrup, Denmark) and resuspended in RPMI 

(Biowhittaker,, Verviers, Belgium) with 1% BSA (Sigma, St. Louis, MO). The cell 

suspensionn was crushed through a 35 urn filter (cell strainer 35 urn, Becton &Dickinson 

labb ware, New Jersey). Cells were cenrrifuged at 600 x g for 5 minutes at 4°C, and washed 

withh cold FACS buffer (phosphate buffered saline (PBS) supplemented with 0.01% NaN3, 

0.55 % BSA, and 0.3 mM EDTA) and resuspended in FACS buffer. BALF and lung cells 

fromm three mice per group were pooled. For staining, 1 x 106 cells/ well (96 well 

microplate,, Greiner B.V. Labor Techniek, Alphen aan de Rijn, the Netherlands) were 

incubatedd for 30 minutes at 4°C with rat anti-mouse unconjugated CD l i b (clone Ml/70) 

(26).. The hybridoma producing anti-mouse CD l i b was kindly provided by R. Mebius 

(Freee University, Amsterdam, the Netherlands). After washing with FACS buffer, R-

phycoerythrinn (R-PE)-conjugated F(ab)2 fragments of goat-anti-rat immunoglobulins 

(Zymedd Inc., Camarillo, CA) were added as a secondary antibody followed by FITC-

labeledd rat anti-mouse Gr-1 mAb (clone RB6-8C5; PharMingen), which was used for 

stainingg of granulocytes. The appropriate isotype controls were included in all experiments. 

Al ll  FACS reagents were used in concentrations recommended by manufacturers. 5,000 Gr-

11 positive cells were counted. Results are expressed as the mean cell fluorescence intensity 

(MFI)) after subtraction of control IgG fluorescence. 
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Determinationn of cytokines, chemokines and nitri c oxide concentrations 
Cytokiness and chemokines were measured by commercially available ELISAs according to 

thee manufacturers' recommendations: tumor necrosis factor-cc (TNF) was obtained from 

Genzymee (Cambridge, MA), mterleukin-6 (IL-6), IL-10, IL-12p40 and IL-12p70 were from 

Pharmingen,, and IFN-y, macrophage inflammatory protein (MIP-2) and KC were from 

R&DD Systems (Minneapolis, MN). Nitric oxide (NO) production was assessed by 

measurementt of nitrite and nitrate by a colonmetric assay according to the instructions of 

thee manufacturer (Cayman Chemical Company, Ann Arbor, MI). Total NO production was 

expressedd as the sum of both nitrite and nitrate production. 

Statisticall  analysis. 
Dataa are expressed as mean  SE, unless indicated otherwise. Comparisons between groups 

weree conducted using the Mann Whitney U test. Survival was analyzed with Kaplan-Meier 

PP < 0.05 was considered to represent a statistical significant difference. 

Results s 

Inductionn of IFN-y (Figure 1) 
WTT mice did not have detectable levels of IFN-y in their lung homogenates at baseline or 

afterr intranasal inoculation with isotonic saline. Induction of pneumonia was associated 

withh enhanced production of IFN-y within the pulmonary compartment, as reflected by 

elevatedd IFN-y concentrations in the lung homogenates (24 h: 13.1  1.0 ng/g and 48 h: 

16.88  1.9 ng/g lung; P < 0.05 vs. control). IFN-yR'" mice had higher lung IFN-y levels than 

WTT mice (24 h: 33.0  12.7 ng/g and 48 h: 34.9  12.8 ng/g lung; P < 0.05 vs. control), 

althoughh the differences were not statistically significant. 

Figuree 1. IFN-y protein expression in lungs. 
IFN-yy protein concentrations in lung 
homogenatess in IFN-yR"'~ and WT mice 24 and 
48hh after intranasal inoculation with 5 x 10 
CFUU S. pneumoniae. Data arc mean  SE; n=8 
micee per group at each time point. IFN-y was 
undetectablee in mice inoculated with sterile 
salinee (data not shown), indicates P < 0.05 vs. 
control. . 

-J""  CHWT 

II I 
244 h 48 h 

94 4 



IFN-yIFN-y during pneumococcal pneumonia 

Survivall (Figure 2) 

Consideringg that IFN-y is generally believed to play an important role in antimicrobial host 

defensee (13, 22, 27, 28), we expected IFN-yR" mice to be more susceptible to 

pneumococcall  pneumonia. However, using three different bacterial inocula (1 x 104, 2 x 

100 and 5 x 1 0 CFU S. pneumoniae), inducing pneumonia of increasing severity, no 

differencess in mortality between IFN-yR" and WT mice were observed until ten days post 

inoculation.. Mice that survived for ten days appeared permanent survivors. 
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Figuree 2. Survival studies 
Survivall  after intranasal inoculation 
withh l x 104(A), 2x l05(B)and5 x 
100 (C) CFU S. pneumoniae in WT 
(openn circles) and IFN-yR" mice 
(closedd circles). Mortality was 
assessedd twice daily for 10 days. 
n=155 mice per group. 

Bacteriall  outgrowth (Figure 3) 

Too obtain further insight in the role of IFN-y in host defense against pneumococcal 

pneumonia,, we evaluated the outgrowth of pneumococci in the lungs of IFN-yR"'" and WT 

mice.. At 24 h after intranasal inoculation of 5 x 105 CFU S. pneumoniae, bacterial counts in 

thee lungs were similar in IFN-yR"'" and WT mice (data not shown).At 48 h, lungs of IFN-

yR""  mice contained 1.5 log less bacteria than WT mice (P = 0.001), suggesting that 

endogenouss IFN-y activity hampers antibacterial host defense. To confirm this finding and 

too demonstrate that it is not unique for the 129 Sv/Ev background, we repeated this 

experimentt in IFN-y"'" Balb/c and WT mice. IFN-y"'" mice had 1.4 log less bacteria in their 

lungss than WT mice at 48 h after infection (P = 0.01). 

95 5 



ChapterChapter 7 

A A 

10--

_11 8-

£ £ 
Z>> 6-
u. . 
O)) 4-
o o 

2--

I I 

P P =0.001 1 
I I 

^ r * ^ ^ 

- * ^ ^ 

WTT IFN-yFT VVT T II FN-/"' 

Figuree 3. Bacterial outgrowth 
inn lungs A. Bacterial outgrowth 
inn lungs of IFN-yR" and WT 
micee at 48 h after intranasal 
inoculationn with 5 x 10 CFU S. 
pneumoniae.pneumoniae. B. Bacterial counts 
inn lungs of IFN-y"'" and WT and 
micee at 48 h after inoculation of 
55 x 105 CFU S. pneumoniae. 
Horizontall  lines represent the 
medianss within the groups. 

Histologicall  changes (Figure 4) 

Histologically,, at 24h after inoculation the IFN-yR" mice showed more pronounced 

inflammatoryy infiltrates in the lung when compared to WT mice without differences in the 

architecturee of the inflammation. At 48 h after inoculation with S. pneumoniae lungs of 

IFN-yR"'' mice showed clearly more apoptotic bodies and histiocytes (macrophages) 

correspondingg to the clearance phase when compared to WT mice, in which the 

inflammatoryy infiltrates were more pronounced. 

fef&éWfef&éW W?. > > 
**  % uii 

..-- . . . :. 

>>  \ rSJIi 

>*>* *~ 

WM^WM^mm0M0MffM M 
s i i 

Figuree 4. Histopathologv of lungs 
Histologicall  sections of lungs of WT (A + C) and IFN-yR"" (B + D) 24h (A + B) and 48 h (C + D) 
respectivelyy after inoculation with 5 x 105CFU S. pneumoniae. Haematoxylin and eosin staining, 
originall  magnification x 50. Sections are representative for the groups at the different time point. 
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Neutrophili cc cell influ x and activation markers (Figure 5 and 6) 

Inn a first attempt to determine the mechanism by which endogenous IFN-y could facilitate 

thee outgrowth of bacteria during pneumococcal pneumonia, we determined the influx and 

thee activation state of the granulocytes in BALF at 48 h after intranasal inoculation with S. 

pneumoniae.pneumoniae. Neutrophil counts in BALF of IFN-yR"" mice were lower than in BALF of 

WLL mice (P < 0.05). Neutrophils isolated from lung tissue and BAL F during pneumococcal 

pneumoniaa displayed signs of activation, as reflected by enhanced expression of C D l l b , 

whenn compared to neutrophils obtained from control mice. However, these neutrophil 

activationn markers did not differ between IFN-yR'" and WT mice. 

Figuree 5. Granulocyte influx in BALF. Figure 6. CD1 lb expression on granulocytes 
Meann (+ SE) of granulocyte numbers CD1 lb expression on Gr-1 positive cells in BALF 
inn BALF obtained from IFN-yR'" and and lung cells from IFN-yR"'" and WT mice at 48 h 
WTT mice at 48 h after intranasal after inoculation of saline (control mice) or of 5 x 
inoculationn of 5 x 105 CFU S. 105 CFU S. pneumoniae. Data are mean  SE of 6 
pneumoniae.pneumoniae. n=6 mice per group. mice per group. * P < 0.05 vs. controls. 

Lungconcentrationss of cytokines, chemokines and NO (Table 1) 

AA second mechanism by which IFN-y could facilitate the outgrowth of bacteria during 

pneumococcall  pneumonia is by modulation of cytokine or chemokine production. In 

particular,, the cytokines TNF, IL-6 and IL-12, and the chemokines KC and MIP-2 have 

beenn found to contribute to the host defense in murine models of pneumonia (23, 25, 29-

32).. Of these mediators, lung concentrations of TNF and MIP-2 were similar in IFN-yR" 

andd wild type mice. By contrast, IL-6, IL-12(p70) and KC levels were lower in IFN-yR"'" 

mice.. Hence, alterations in local production of "protective" cytokines and chemokines can 

nott explain the relatively decreased susceptibility of IFN-yR"'" mice during pneumonia. 

IFN-yy is able to enhance NO production (5, 33, 34). To assess whether this mechanism 

wass affected in the IFN-yR"'" mice, we measured NO levels in BAL F of both groups at 48h 

afterr induction of pneumonia. IFN-yR"'" mice had lower NO levels when compared to WT 

micee (9.5  1.1 uM and 13.6  1.6 uM respectively), although this difference was not 

significant. . 
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Tablee 1. Cytokine and chemokine concentrations in lung homogenates after intranasal inoculation 
withh 5 x 105 CFU S. pneumoniae. 

ng/gg lung 

TNF F 
IL-6 6 
IL-12p40 0 
IL-12p70 0 
KC C 
MIP-2 2 

244 h 

WT T 

12155  207 
3422 3 
300 5 

1 1 
6566 1 
2233  44 

IFN-yR-/--

1238+106 6 
2022 1 
588 9 

100  1 
622 + 12* 

0 0 

488 h 

WT T 

16233 0 
2544 + 62 
2033  29 

111 1 
6977 1 
4655  267 

IFN-yR'--

16311 0 
688  20* 

1366  38 

r r 
255  1* 

2111 9 

Dataa are mean  SE of 8 mice per group at each time point. * P < 0..05 vs. WT mice. 

Discussion n 

IFN-yy is a proinflammatory cytokine that has protective effects in a variety of infectious 

diseases.. The role of IFN-y in bacterial pneumonia is not well defined. Recently, Rubins 

andd Pomeroy reported that IFN-y"7" mice demonstrated an increased mortality when 

comparedd to WT mice in a model of severe pneumococcal pneumonia (21). In that study, 

however,, no data were presented on bacterial outgrowth or induction of innate defense 

mechanisms.. We here report that IFN-yR7" mice do not have an increased mortality after 

inductionn of pneumococcal pneumonia induced by three different doses of bacteria. After 

thee first 48h of the disease, both IFN-yR"'" and IFN-y' mice had a reduced outgrowth of 

pneumococcii  in lungs when compared to their respective WT strains. Our results suggest 

thatt endogenous IFN-y may hamper early antibacterial defense in the lung compartment, 

butt that the lack of functional IFN-y eventually does not influence survival. 

Thee essential role of endogenous IFN-y in host defense against infection has in 

particularr been demonstrated for intracellularly growing micro organisms (11-14). In 

modelss of acute systemic infection with extracellular bacteria, IFN-y has been found to play 

aa detrimental role. Indeed, treatment with anti-IFN-y antibodies reduced mortality after 

intravenouss or intraperitoneal injection of high doses of Escherichia coli, (35, 36). The 

detrimentall  role of IFN-y in these acute infection models is in line with findings that 

treatmentt with anti-IFN-y antibodies profoundly reduced mortality in mice exposed to high 

dosess of endotoxin (37, 38) In a subacute model of Staphylococcus aureus sepsis, resulting 

inn a 100% lethality in normal WT mice over a 10-day period, IFN-yR ~" mice were relatively 

protectedd against lethality, which was associated with a reduced number of S. aureus CFUs 

inn blood when compared to WT mice (39). This study taken together with our results, 
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suggestt that IFN-y may facilitate bacterial outgrowth in conditions in which the 

experimentall  animal is not overwhelmed by a high dosis of bacteria (or bacterial products). 

Ourr study does not provide a clear explanation for the reduced outgrowth of 

pneumococcii  in lungs of mice lacking functional IFN-y. A protective mechanism could 

neitherr be demonstrated for the diminished outgrowth of staphylococci during subacute S. 

aureusaureus sepsis (39). We evaluated several innate responses known to contribute to 

antibacteriall  defense in the lung compartment. None of these responses were altered in 

IFN-yR"'""  mice in a way that would enhance bacterial clearance. Indeed, the induction of 

somee "protective" responses was even attenuated in IFN-yR" mice, including the 

recruitmentt of neutrophils to the lung. Further, although we found an upregulation of 

CDD l i b on granulocytes in BALF of mice with pneumonia, indicative for an enhanced 

activationn state (40, 41), CD 1 lb expression did not differ between IFN-yR"'" and WT mice. 

Earlierr research has suggested that IFN-y has the ability to inhibit, rather than to augment, 

neutrophill  recruitment in vivo, i.e. neutrophil influx in skin was diminished in mice with 

thermall  wounds after treatment with IFN-y (42), and intraperitoneally administered IFN-y 

decreasedd the inflammatory response in rats with chronic Pseudomonas aeruginosa 

pneumoniaa by reducing neutrophilic influx (20). Conceivably, the reduced KC 

concentrationss played a role in the attenuated neutrophil influx in BALF of IFN-yR"'" mice, 

consideringg that inhibition of this CXC chemokine diminished neutrophil accumulation in 

lungss after intratracheal administration of endotoxin (43) and transgenic overexpression of 

KCC in mouse lungs resulted in enhanced neutrophil migration within the lung compartment 

(44).. In addition, the lower bacterial load in lungs of IFN-yR' mice (thus providing less 

proinflammatoryy stimuli) could have been responsible for the attenuated neutrophil 

recruitment.. This may also explain the lower concentrations of IL-6 and IL-12, two other 

"protective""  cytokines during pneumonia (23, 31), in IFN-yR"" mice. 

IFN-yy has been implicated as a pivotal mediator in host defense against a variety of 

respiratoryy pathogens. IFN-y was found to be important for cell-mediated immunity against 

fungii  and intracellular microorganisms that can cause chronic pneumonias, including 

Mycobacteria,Mycobacteria, Mycoplasma, Chlamydia and Histoplasma (reviewed in (45)). We here show 

thatt endogenous IFN-y is not required for, and may even impair, an effective pulmonary 

defensee in pneumonia due to S. pneumoniae, the most frequently isolated organism in 

patientss with community acquired pneumonia. These data exemplify the complex role of 

IFN-yy in innate immunity during pulmonary infection. 
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Hostt defense against mycobacterial infection is critically determined by the balance 

betweenn T helper (Th) 1 and Th2 cytokines. Interferon-y (IFN-y) is a prototypic Thl 

cytokinee that is of pivotal importance for protective immunity against mycobacteria, and 

beneficiall  effects of IFN-y have been reported when used as an adjuvant therapeutic agent 

inn patients with mycobacterial infections (1-5). In the vast majority of these studies, 

however,, HIV infected patients were excluded. 

Wee here report on the use of IFN-y as an adjuvant therapeutic agent in two HIV-

infectedd patients with refractory disseminated Mycobacterium avium complex (MAC) 

infection.. Patients received an initial dose of recombinant human IFN-y (Immukine, 

Boehringerr Ingelheim, Ingelheim/Rhein, Germany) at 100 ug/m2 subcutaneously, and 

hereafter,, IFN-y treatment was continued at a dose of 75 ug/m2 three times weekly for 3 

(patientt 2) or 4 months (patient 1). Similar treatment schedules previously were found 

effectivee in patients with mycobacterial infections (1-4). Both patients had received 

antimycobacteriall  therapy for 15-16 months without clinical improvement. 

Patientt 1 was a 33 year-old man with a CD4 count of 50 x 106/mL, and a HIV-1 viral 

loadd below 1000 RNA copies/mL. He had persistent abdominal discomfort, with positive 

culturess for MAC in faeces, ascites fluid and abdominal lymphnodes. On CT scan, massive 

mesenteriall  lymphnode enlargements and ascites were seen. After the start of IFN-y, the 

abdominall  discomfort initially diminished. A CT scan 1 month after the start of IFN-y 

treatmentt showed a slight decrease in mesenterial lymph node enlargements and a reduction 

inn the amount of ascites. However, 4 months after the start of IFN-y, the patient developed 

quicklyy progressive abdominal pain. A CT scan showed extensive lymph adenopathy as 

beforebefore and an increase in ascites. IFN-y treatment was discontinued, and the patient died 

severall  weeks later due to acute pulmonary edema of unknown origin. The HIV load 

remainedd undetectable during IFN-y treatment. 

Patientt 2 was a 31-year-old woman with a CD4 count of 140 x 106/mL and a HIV-1 

virall  load below 400 RNA copies/mL. She had disseminated MAC infection with positive 

culturess in feces, sputum and bronchoalveolar lavage fluid. Her main complaints were 

persistentt coughing and dyspnea. A CT-scan showed enlarged mediastinal lymph nodes, 

whichh resulted in occlusion of, and persistent infiltrates in the right upper lung lobe. During 

thee first month of IFN-y therapy, the patient felt better, with less coughing and dyspnea. 

However,, thereafter her symptoms re-appeared, and IFN-y was discontinued after 3 months. 

Herr CT-thorax was essentially unchanged at that time. The HIV load remained 

undetectable. . 

Overalll  IFN-y treatment had littl e beneficial effect in our two HIV infected patients, 

althoughh both patients demonstrated some clinical improvement in the first period after the 

initiationn of IFN-y therapy. We evaluated whether IFN-y treatment resulted in an alteration 

inn the balance between Thl and Th2 type cytokines in favor of protective Thl cytokines. 
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Wholee blood, obtained from the patients before the start of IFN-y therapy and at monthly 

intervalss thereafter, was incubated for 24 h at 37°C with the T cell stimulus anti-CD3/anti-

CD28.. IFN-y treatment was not associated with an increased capacity of peripheral blood 

leukocytess to produce the Thl cytokines IFN-y and interleukin (IL)-2 upon stimulation 

(Fig.. 1), while Th2 cytokine (IL-4, IL-10) release remained low and unaltered (data not 

shown).. These findings are in line with earlier studies showing that lymphocytes from HIV 

infectedd patients are less capable of mounting a Thl response (5). Our results indicate that 

IFN-yy treatment in HIV-infected patients with disseminated MA C infection may not be 

capablee of improving the resolution of local lesions. This may be explained by the inability 

off  IFN-y to enhance the production of Thl type cytokines. 

IFN-yy IL-2 

ii i patient 1 
^m^m patient 2 

tim ee (months ) tim e (months ) 

Figuree 1. Production of IFN-y and IL-2 by peripheral blood leukocytes from patients with MAC 
infectionn during IFN-y treatment in vivo. Whole blood, collected directly before the start of IFN-y 
treatment,, and at monthly intervals thereafter, was diluted 1:1 in RPMI and stimulated for 24 h at 
37°CC anti-CD3/anti-CD28 (CLB, Amsterdam, the Netherlands; 1:1000). Cytokines were measured in 
supernatantt by ELISA according to the instructions of the manufacturers (TNF: Biosource, Fleurus, 
Belgium;; IL-2: R&D Systems, Abingdon, UK). Cytokine concentrations arc expressed per mL blood; 
expressionn per 106 CD4+ T cells yielded similar results (data not shown). 
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Abstract t 

Endotoxinn (LPS) tolerance is characterized by a reduced capacity of monocytes to produce 

proinflammatoryy cytokines upon restimulation in vitro. To determine whether LPS 

exposuree induces a change in lymphocyte cytokine production and whether this results in a 

shiftt in the Thl/Th2 balance, whole blood obtained from 7 healthy subjects before and after 

ann i.v. injection of LPS (4 ng/kg), was stimulated in vitro with the T cell stimuli anti-

CD3/CD288 or Staphylococcal Enterotoxin B. Whole blood production of Thl cytokines 

IFN-yy and IL-2 was markedly reduced at 3 and 6 h, while the production of Th2 cytokines 

IL-44 and IL-5 was not influenced or slightly increased. The IFN-y/IL-4 ratio was strongly 

decreasedd at 6 h. Serum obtained after LPS exposure could slightly inhibit the release of 

IFN-y,, while increasing IL-4 production during stimulation of blood drawn from subjects 

nott previously exposed to LPS. Normal serum also inhibited IFN-y production, albeit to a 

lesserr extent. LPS exposure influences lymphocyte cytokine production, resulting in a shift 

towardss a Th2 type cytokine response, an effect that in part may be mediated by soluble 

factorss present in serum after LPS administration in vivo. 
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Introductio n n 

Endotoxinn (lipopolysaccharide, LPS), a component of the outer cell membrane of gram-

negativee bacteria, is considered to be a central mediator in the pathogenesis of gram-

negativee sepsis. Intravenous injection of LPS to healthy humans not only initiates a cascade 

off  inflammatory pathways, but also induces a temporary refractory state, generally referred 

too as LPS tolerance (10, 28). LPS tolerance is characterized by decreased production of 

tumorr necrosis factor a (TNF), interleukin-ip (IL-lp) , IL-6 and IL-10, with concurrently 

increasedd production of IL-1 receptor antagonist (IL-lra), upon ex vivo restimulation of 

wholee blood or peripheral blood mononuclear cells (PBMC's) with LPS. The same 

alterationss in the capacity to produce cytokines have been found in whole blood or 

monocytess isolated from sepsis patients (8, 13, 21, 29) or from patients after surgery (14). 

Therefore,, LPS tolerance can be considered an adaptive host immune response rather than a 

generalizedd hyporesponsiveness, which is not specific for prior exposure to LPS. 

Mostt research on LPS tolerance focused on the reduced reactivity of monocytes. Only 

recentlyy it has become apparent that other cell types may also display a reduced 

responsivenesss during in vitro stimulation. Indeed, neutrophilic granulocytes isolated from 

patientss with sepsis, produced less IL-1 (3 and IL-8 upon ex vivo stimulation with LPS (15, 

18).. The effects of endotoxemia on the production of cytokines by T lymphocytes are 

unknown.. It has been reported that major surgery results in a severe defect in T cell 

proliferationn and cytokine secretion (6, 12). In addition, surgical stress may induce a shift in 

thee T helper 1 (Thl)/ Th2 balance towards a Th2 type immune response (6, 24). A recent 

studyy in mice indicated that in vivo administration of LPS may result in a reduced ability of 

splenocytess to produce the T cell cytokines IL-2, IL-4 and interferon-y (IFN-y) upon ex 

vivoo stimulation with concanavalin A (ConA), as reflected by a diminished capacity to 

accumulatee mRNA encoding these cytokines (5). Therefore, in the present study we sought 

too determine whether LPS exposure in healthy subjects induces a change in cytokine 

productionn by lymphocytes, and whether this results in a shift in the Thl/ Th2 balance, as 

indicatedd by the production of Thl and Th2 type cytokines during in vitro whole blood 

stimulationn with T cell stimuli. 
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Material ss and methods 

Studyy design 
Sevenn healthy male volunteers (mean age 21, range 19-25 years) were admitted to the 

Clinicall  Research Unit of the Academic Medical Center. Written informed consent was 

obtainedd from all study subjects. The study was approved by the research and ethical 

committeess of the Academic Medical Center. Medical history, physical and routine 

laboratoryy examination, chest X-ray and electrocardiogram of all volunteers were normal. 

Eachh volunteer received an intravenous bolus injection of Escherichia coli LPS, lot G 

(Unitedd States Pharmacopeia! Convention, Rockville, MD) administered over one minute in 

ann antecubial vein at a dose of 4 ng/kg. Heparinized blood for in vitro stimulation and 

FACScann analysis was obtained directly before LPS injection (t= 0 h) and at 3, 6 and 24 h 

thereafter.. In addition, blood was collected in vacutainer tubes and after clotting, serum was 

collectedd after centrifugation (10 min. at 1600 x g at 4°C) and stored at -20°C. 

Wholee blood stimulation 
Heparinizedd blood, diluted 1:1 in pyrogen-free RPMI 1640 (Bio Whittaker, Venders, 

Belgium),, was stimulated for 24 h at 37°C in the presence or absence of the T cell stimuli 

anti-(a)CD3/aCD288 (Central Laboratory of the Netherlands Red Cross Blood Transfusion 

Service,, Amsterdam, the Netherlands (CLB); final concentration 1:1000 both) or the 

superantigenn Staphylococcal Enterotoxin B (SEB) (Sigma, St. Louis, MO; 1 ug/ml). After 

thee incubation, supernatant was collected after centrifugation and stored at -20°C until 

assayss were performed. 

InIn a separate series of experiments, serum obtained from the 7 volunteers before 

(normall  serum) and 3 h after in vivo exposure to LPS (post-LPS serum) was pooled and 

subsequentlyy incubated for 24 h at 37°C with whole blood obtained from 6 other healthy 

donorss (who were not exposed to LPS) in the presence or absence of ocCD3/ aCD28. 

Wholee blood was collected aseptically using a sterile collecting system consisting of a 

butterflyy needle connected to a syringe (Becton Dickinson & Co, Rutherford, NJ). Anti-

coagulationn was obtained using endotoxin-free heparin (Leo Pharmaceutical Products B.V., 

Weesp,, the Netherlands; final concentration 10 U/ml). In these experiments, whole blood 

wass diluted 1:1 in pyrogen free RPMI containing different dilutions of pooled normal or 

post-LPSS serum (final concentrations 1-20 %). After the incubation, plasma was prepared 

byy centrifugation and stored at -20°C until assays were performed. 

FACScann analysis 
PBMC'ss were isolated by Ficoll-Hypaque density gradient centrifugation (Ficoll Paque, 

Pharmaciaa Biotech, Uppsala, Sweden) at room temperature for 20 minutes at 1000 x g. 
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PBMC'ss were collected in the inter-phase, washed twice with PBS and resuspended in 

FACSS buffer (PBS supplemented with 0.01% (w/v) NaN3, 0.5% (w/v) BSA and 0.3 mM 

EDTA).. For staining, 0.5 x 106 cells/ tube were incubated with the following mouse 

monoclonall  Abs: Cy-Chrome5-labeled anti-CD3 (Immunotech, Marseille, France) and 

phycoerythrin-labeledd anti-CD4 (Immunotech) or isotype controls (Immunotech). 

Lymphocytess were gated by forward and site scatter and 5,000 cells were counted. 

Assays s 
IFN-YY and IL-4 (both CLB; detection limit 4 and 1.2 pg/ml respectively), IL-2 (R&D 
Systems,, Abingdon, United Kingdom) and IL-5 (Medgenix, Fleurus, Belgium; 8.2 pg/ml) 
weree measured by ELISA's according to the instructions of the manufacturer. Leukocyte 

countss and differentials were determined in K3-EDTA-anticoagulated blood using flow 

cytometry. . 

Statisticall  analysis 
Alll  values are given as mean  SE. Comparisons were done using the Wilcoxon test. P < 

0.055 was considered to represent a significant difference. 

Results s 

Clinicall  response to LPS 
Intravenouss injection of LPS was associated with transient influenza-like symptoms, 

includingg headache, nausea, myalgia and chills, starting 1-2 h after LPS administration, and 

lastingg no longer than 3-4 h. In addition, a rise in body temperature was recorded, peaking 

att 3-4 h after LPS (38.8  0.2°C; P < 0.05). 

Tablee 1. Effect of LPS administration in vivo on cell counts and differentials 

Timee after LPS 

0 0 
3 3 
6 6 
24 4 

Leukocytes s 

5.000 0 
3.999 + 0.57" 

10.777 * 
11.733 * 

No.. (109/liter) of: 

Lymphocytes s 

Total l 

1.67  0.12 
0.366 * 
0.288  0.02* 
1.622 1 

CD3+/CD4+ + 

0.799  0.09 
0.144 * 
0.077  0.02* 
0.777  0.07 

%ofCD3+/CD4+ + 

46.400 0 
36.299  4.79* 
23.733 * 
47.677 * 

Valuess are mean  SE of 7 healthy subjects. LPS (4 ng/kg) was given as an i.v. bolus injection at t= 0 
h.. Analysis was performed by flow cytometry and FACScan analysis. ^Data are expressed as cell 
countss or percentage positive cells within the lymphocyte population, indicates P < 0.05 versus 
baselinee by Wilcoxon test. 
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Effectss of LPS on lymphocyte counts 

Effectss of LPS on leukocyte counts and differentials at time points at which whole blood 

wass collected for in vitro stimulation are listed in Lable 1. After an initial decline, leukocyte 

countss strongly increased after LPS administration, and remained high until 24 h. 

Lymphocytee counts strongly decreased after LPS administration with lowest cell numbers 

afterr 6 h, returning to baseline after 24 h. Lhis decrease in lymphocytes was associated with 

aa decrease in the number of CD3+/CD4+ cells with lowest cell counts at 6 h. 

QQ 50 
O O 

a a 
u u 

IFN-Y Y 

£fc_ _ i i 
IL-2 2 

yy 150-

0 0 

IL-4 4 

;; T ^ 

.. T 

i i A A 

T T 

m m 
EDaCD3/aCD28 8 

IL-5 5 

timee (h) timee (h) 

Figuree 1. Effect of LPS exposure on Thl (IFN-y and IL-2) and Th2 (IL-4 and IL-5) cytokine 
production.. Whole blood, obtained from 7 healthy subjects before and at different time points after 
LPSS injection (4 ng/kg), was stimulated in vitro for 24 h at 37°C with aCD3/uCD28 (1:1000) or SEB 
(11 ug/ml). Data are mean  SE, and are expressed as cytokine production per 106 CD3+/CD4+ 
lymphocytes.. * indicates P < 0.05 versus baseline by Wilcoxon test. 

I nn vitr o cytokine production by whole blood after  in vivo LPS injection 

Sincee the number of peripheral blood Th cells changed after LPS injection, cytokine 

productionn was corrected for the number of CD3+/CD4+ lymphocytes present at the 

selectedd time points, and expressed per 106 CD3+/CD4+ cells. IFN-y and IL-2 were 

measuredd as Thl cytokines, while IL-4 and IL-5 were measured as Th2 cytokines. 

Incubationn of whole blood without stimulus did not result in detectable cytokine levels. 

Afterr stimulation with ocCD3/aCD28 or SEB, high levels of IFN-y and IL-2, and low levels 

off  IL- 4 and IL-5 were found (Fig. 1). The capacity of whole blood to produce IFN-y after 

stimulationn with aCD3/ocCD28 or SEB was markedly reduced at 3 h and 6 h after in vivo 
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exposuree to LPS. Also, SEB-induced IL-2 production was strongly decreased. In contrast, 

aCD3/aCD28-stimulatedd IL-4 production was slightly increased although this difference 

wass not significant The capacity to produce IL-5 after stimulation with aCD3/aCD28 and 

SEBB increased after LPS injection, peaking at 6 h. 

Too determine whether LPS exposure induced a shift in the Thl/Th2 balance, we calculated 

thee ratio between IFN-y. the prototypic Thl cytokine, and IL-4, the prototypic Th2 

cytokine,, production at the different timepoints. The IFN-y/IL-4 ratio strongly decreased 

afterr restimulation in vitro with either aCD3/aCD28 or SEB, with lowest ratio at 6h after 

LPSS injection (Fig. 2). 

Figuree 2. Effect of LPS exposure on the IFN-y/IL-4 
ratioo during in vitro stimulation. Ratio between 
IFN-y,, as the prototypic Thl, and IL-4, as the 
prototypicc Th2 cytokine, was calculated after in 
vitroo whole blood stimulation with aCD3/aCD28 
orr SEB after LPS exposure in vivo. Data are mean 

 SE. * indicates P < 0.05 versus baseline by 
Wilcoxonn test. 

Effectt  of serum obtained after  in vivo exposure to LPS on cytokine production by 

normall  whole blood 
Too study whether soluble factors present in serum play a role in the effects on Thl and Th2 

cytokinee production, serum was collected before and after LPS exposure and added during 

stimulationn with aCD3/ccCD28 of whole blood, drawn from subjects not previously 

exposedd to LPS in vivo. Normal serum inhibited the production of IFN-y induced by 

aCD3/aCD288 in a dose-dependent manner (P < 0.05), while IL-4 production was not 

changedd (Fig. 3). Compared with levels obtained after stimulation with similar 

concentrationss of normal serum, serum obtained 3 h after in vivo exposure to LPS slightly 

reducedd aCD3/aCD28-induced IFN-y production when added at a concentration of 1% (P 

<< 0.05). In contrast, post-LPS serum at 1% and 10% increased the production 

aCD3/aCD28-inducedd IL-4 production compared to normal serum (both P < 0.05). The 

effectt of post-LPS serum on IFN-y and IL-4 production did not differ from normal serum 

whenn added at 20%. The IFN-y/IL-4 ratio after whole blood stimulation with ccCD3/aCD28 

wass 370.5  95.9 when no serum was added. Addition of normal serum caused a dose-

dependentt decrease in the IFN-y/IL-4 ratio (P < 0.05) (Fig. 3). Serum obtained at 3 h after 

LPSS injection caused a further decrease in the IFN-y/IL-4 ratio compared with normal 

serumm (P < 0.05 when added at 1%). IL-2 production was not changed by the addition of 

eitherr normal or post-LPS serum, while IL-5 production was influenced by normal and 

post-LPSS serum in a similar manner as IL-4 production (data not shown). 

timee (h) 
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IFN-yy and IL-4 production 

1 %% 1 0 % 2 0 % 

Finall concentration of serum added 

IFN-y/IL- 44 rati o 

Finall concentration of serum added 

1 %% 10% 20% 

UZ2UZ2 IFN-y normal serum 
II IFN-y post-LPS serum 

i:::::ii IL-4 normal serum 
BSaa IL-4 post-LPS serum 

normall serum 
post-LPSS serum 

Figuree 3. The effect of serum 
obtainedd after LPS exposure on 
IFN-yy and IL-4 production (A) 
andd IFN-y/IL-4 ratio (B) 
comparedd to normal serum. 
Serumm obtained from 7 healthy 
subjectss directly prior to (normal 
serum)) and 3 h after (post-LPS 
serum)) an i.v. injection of LPS (4 
ng/kg)) was pooled and added to 
wholee blood obtained from 
subjectss (n=6) not previously 
exposedd to LPS, which was then 
stimulatedd with aCD3/aCD28 
forr 24 h at 37°C. Data (mean
SE)) are expressed as percentage 
changee relative to incubation of 
wholee blood with aCD3/aCD28 
onlyy (i.e. without serum added). 
IFN-yy concentrations after whole 
bloodd stimulation with 
ocCD3/aCD288 were 17.2  4.3 
ng/ml,, IL-4 levels were 49.4
10.00 pg/ml. * P < 0.05 versus no 
serumm added. * indicates P < 0.05 
versuss normal serum. 

Discussion n 

LPSS tolerance is characterized by a reduced responsiveness of monocytes isolated from 

healthyy subjects after LPS exposure or from sepsis patients, upon restimulation in vitro. In 

thee present study we sought to determine whether LPS exposure in vivo induces a change in 

thee capacity of lymphocytes to produce cytokines, and whether this results in a shift in the 

Th l // Th2 balance. We found that after LPS injection into healthy subjects, stimulation of 

wholee blood in vitro with specific T cell stimuli resulted in a markedly decreased 

productionn of the Thl cytokines IFN-y and, partly, IL-2, while the production of the Th2 

cytokiness IL-4 and IL-5 was not influenced or slightly increased. Consequently, the 

Thl/Th22 balance was shifted towards a Th2 type cytokine response. Addition of serum 

obtainedd after LPS exposure to normal blood could in part mimic the LPS tolerant state 

foundd after direct aCD3/aCD28 stimulation of post-LPS blood. 

CD4++ T helper cells can be divided into Thl and Th2 cells, that can be distinguished 

byy the pattern of cytokine production upon ex vivo stimulation (20). Thl cells produce 

cytokiness like IFN-y, IL-2 and TNF, while Th2 cells secrete IL-4, IL-5 and IL-10. In the 

presentt study, we chose to measure IFN-y, IL-2, IL-4 and IL-5 since, unlike TNF and IL-

10,, they are produced predominantly or exclusively by lymphocytes (20). LPS 

114 4 



ReducedReduced Th I cytokine production after LPS in vivo 

administrationn induced a strong decrease in the number of CD3+/CD4+ lymphocytes. 

Therefore,, the cytokine production by whole blood was expressed as nano- or picograms 

perr 106 CD3+/CD4+ lymphocytes present in blood at the selected timepoints. Hence, the 

decreasee in cell numbers can not explain the observed changes in cytokine production. We 

usedused whole blood stimulation rather than stimulation of isolated cells, since the former 

systemm is considered to mimic in vivo conditions best, with hormones, cytokines and other 

solublee factors able to influence cytokine production present (25). 

Resultss of our study are consistent with data reported on lymphocyte function after 

majorr surgery. Surgical stress results in a decreased T cell effector function, associated with 

aa reduced capacity to produce Thl cytokines, and a severe defect in T cell proliferation (6, 

12).. In addition, major trauma has been reported to result in a shift towards a Th2 cytokine 

responsee (24). Until recently it was thought that LPS does not have an effect on T 

lymphocytee function. However, a study in mice demonstrated that LPS administration 

resultss in activation of CD4+ T cells, as measured by the expression of T cell activation 

markerss (5). Also, LPS injection was associated with a diminished capacity of splenocytes 

too accumulate mRNA encoding IL-2, IL-4 and IFN-y upon in vitro stimulation with ConA. 

Inn the present study we found that LPS exposure in vivo results in a decreased capacity of 

lymphocytess to produce Thl cytokines, with a shift towards a Th2 type cytokine response. 

Thee Thl/Th2 balance plays a critical role in the outcome of several infectious and 

autoimmunee diseases (22). A Thl mediated response is known to enhance cell-mediated 

immunity,, while a Th2 type response in associated with humoral immunity (1). Our data 

suggestt that during systemic infection, a shift towards a Th2 type cytokine response occurs, 

whichh may result in a defect in cell-mediated immunity. In addition, since IFN-y is a major 

activatorr of monocyte functions (2), our data suggest that the reduced capacity of T cells to 

producee IFN-y may contribute to the diminished monocyte responsiveness during 

endotoxemiaa and sepsis. Indeed, treatment of septic patients with IFN-y has been found to 

restoree monocyte LPS-induced TNF production ex vivo (7). 

Somee differences were seen between the effects of ctCD3/otCD28- or SEB-stimulated 

cytokinee production, in particular on IL-2 production. It is conceivable that differences in 

thee mechanisms by which aCD3/ctCD28 and SEB activate T cells contribute to this 

discrepancy.. Indeed, crosslinking of CD3 and CD28 results in direct T cell activation, 

whichh is independent of the presence of antigen-presenting cells (APC's). SEB, a product 

off  Staphylococcus aureus, is a superantigen which requires binding to both an APC and a T 

celll  to induce T cell stimulation. By binding to the MHC class II peptide of the APC, SEB 

cann bind to the V(3 region of the T cell receptor, resulting in polyclonal T cell activation 

(16). . 
Previouss studies have tried to elucidate the mechanisms which contribute to the 

developmentt of a LPS refractory state of monocytes. After LPS injection into healthy 
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subjects,, the capacity of whole blood to produce monocyte-derived proinflammatory 

cytokiness diminishes strongly (28). This effect is partly mediated by soluble mediators 

producedd within 2 h after LPS administration, since stimulation of normal whole blood with 

serumm obtained after LPS exposure, could in part mimic the LPS tolerant state (28). It has 

beenn reported that septic serum inhibits TNF production by whole blood stimulated with 

EscherichiaEscherichia coli (26). Also, plasma obtained from patients with meningococcal septic 

shock,, strongly inhibits LPS-induced activation of normal human monocytes, with an 

importantt role of IL-10 in the decreased monocyte responsiveness (4). Given these data and 

consideringg that LPS can not influence lymphocyte function directly, we found it of interest 

too evaluate the role of soluble factors induced by LPS in the observed alterations in 

lymphocytee cytokine secretion. Addition of serum obtained after LPS exposure in vivo 

couldd qualitatively mimic the effects found on the production of lymphocyte-derived 

cytokiness after direct stimulation of post-LPS blood with T cell stimuli. Hence, these data 

suggestt that these changes likely occur in an indirect way, possibly via soluble factors 

producedd after LPS exposure. Recently, it has been described that increased expression of 

thee p50 subunit of NFKB is involved in the suppression of TNF production in LPS-tolerant 

monocytes/macrophagess (3). Which intracellular effect mediates the change in lymphocyte 

cytokinee production remains to be established. 

Interestingly,, normal serum dose-dependently inhibited ctCD3/ctCD28-induced IFN-y 

production,, while not influencing IL-4 production, thus resulting in a decrease in the IFN-

y/IL-44 ratio. These data suggest that normal serum contains soluble factors which direct the 

immunee response towards a Th2 type cytokine response, and that LPS exposure increases 

thee concentration and/ or activity of these or other factors in serum. However, since the 

effectss of 20% normal and post-LPS serum on lymphocyte cytokine release were similar, 

thee LPS effect apparently is overruled when serum is added in higher amounts, i.e. when 

thee physiologically present "Thl inhibitory factors" are added in relatively high 

concentrations.. At present it remains speculative which serum factors may be involved in 

inhibitionn of a Thl cytokine response, although the IL-12p40 homodimer and the recently 

identifiedd IL-18 binding protein seem to be conceivable candidates (9, 17, 23). IL-12p40 

homodimerss function as an IL-12 receptor antagonist, thereby inhibiting the Thl driving 

cytokinee IL-12, and IL-12p40 homodimer levels increase after an LPS challenge (11). IL-

188 binding protein can be considered a soluble IL-18 decoy receptor which reduces the 

biologicall  availability of IL-18, an important cofactor for IFN-y production and IL-12-

drivenn Thl development (19, 23, 27). 

LPSS injection into normal humans alters the profile of cytokines released by activated 

TT cells, which is associated with a shift towards a Th2 type cytokine response. Serum 

obtainedd after LPS exposure could qualitatively reproduce these changes during stimulation 

off  normal blood, suggesting that soluble factors in serum contribute to this effect. Further 
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studiess are required to identify which soluble factors and which intracellular pathways are 

involvedd in LPS-induced changes in lymphocyte cytokine production. 
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Abstract t 

IFN-yy plays an important role in the pathogenesis of sepsis. Production of IFN-y is 

stimulatedd by synergistic effects of IL-18, IL-12 and IL-15. To investigate the regulation of 

IFN-yy production during severe Gram-negative infection, we measured plasma 

concentrationss of IFN-y, IL-18, IL-12, and IL-15 in 83 patients with suspected melioidosis. 

Thee diagnosis was confirmed in 62 patients, with blood-cultures positive for Burkholderia 

pseudomalleipseudomallei in 31 patients, of whom 12 died. Compared with healthy controls, IFN-y, IL-

18,, IL-12p40 and IL-15 were elevated on admission, with significantly higher levels in 

bloodculture-positivee patients, and remained elevated during the 72-h study period. In 

wholee blood stimulated with heat-killed B. pseudomallei, anti-IL-12 had the strongest 

inhibitoryy effect on IFN-y production compared to anti-IL-18 and anti-IL-15. This effect of 

anti-IL-122 was further enhanced by anti-IL-18. These data suggest that during Gram-

negativee sepsis, IFN-y production is controlled at least in part by endogenous IL-18, IL-12 

andd IL-15. 
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Introductio n n 

Melioidosiss is an important cause of illness and death in northeast Thailand. This infection 

iss caused by the Gram-negative bacillus Burkholderia (formerly Pseudomonas) 

pseudomallei,pseudomallei, which can be found in the water and wet soils in endemic areas of Southeast 

Asiaa [1]. The clinical presentation of melioidosis varies from mild localized disease to 

acutee fulminant septicemia, which is associated with a high mortality rate, even with 

appropriatee antibiotic treatment [2]. Approximately 60% of patients with melioidosis are 

septicemicc on admission to hospital. Pulmonary involvement and visceral abscess 

formation,, especially in the liver and spleen, are common [3]. 

Cytokiness play an important role in the pathogenesis of sepsis. Previous studies have found 

elevatedd plasma concentrations of tumor necrosis factor-a (TNF), interleukin-6 (IL-6) and IL-8 

inn melioidosis patients for prolonged periods, and levels of these cytokines correlated with both 

diseasee severity and clinical outcome [4, 5]. In addition, elevated plasma concentrations of the 

pro-inflammatoryy cytokine interferon-y (IFN-y) have been described in patients with 

septicemicc melioidosis [6]. In a mouse model of melioidosis, IFN-y was shown to be important 

forr host defense in thee acute phase of infection [7]. Mice treated with anti-IFN-y died within 48 

h,, while untreated mice all survived after intraperitoneal injection with B. pseudomallei. These 

dataa suggest that IFN-y plays an important immunoregulatory role in melioidosis. 

IFN-yy is produced mainly by activated natural killer (NK) cells, T helper 1 (Thl) and 

CD8++ cytotoxic T cells. The production of IFN-y is tightly regulated by monocyte-

/macrophage-derivedd cytokines [8]. IL-12 and IL-18 are known to be potent inducers of 

IFN-yy production [9-11]. IL-18, also known as IFN-y-inducing factor (IGIF), is a recently 

describedd cytokine produced by activated macrophages and Kupffer cells [12]. Unlike IL-

12,, IL-18 is not a potent inducer of IFN-y production when used as a single stimulus. 

However,, IL-18 plays an essential synergistic role with IL-12 in IFN-y production. IL-18-

deficientt mice produce littl e IFN-y after endotoxin challenge despite normal IL-12 levels 

[13].. In addition, splenocytes of mice lacking IL-l p converting enzyme (ICE), which is 

requiredd to convert pro-IL-18 into the soluble active protein [14, 15], produce reduced IFN-

yy concentrations during in vitro stimulation [16]. Important for this synergy is that IL-12 

increasess the responsiveness of cells to IL-18 by upregulation of IL-18 receptor expression 

[17].. Besides IL-18, IL-15 has also been implicated as an important co-stimulus for optimal 

IFN-yy production [18, 19], 

Littl ee is known about the regulation of IFN-y production during severe bacterial infection in 

humans.. We therefore decided to study this in human melioidosis. We measured plasma levels 

off  IFN-y and the IFN-y-inducing cytokines IL-12, IL-18 and IL-15 sequentially in adult Thai 

patientss with suspected severe melioidosis. In separate in vitro experiments, heat-killed B. 

pseudomalleipseudomallei were incubated with human whole blood in the presence or absence of antibodies 
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againstt IL-12, IL-18 and IL-15 to study the contribution of these cytokines to IFN-y 
production. . 

Material ss and methods 

Patientss and study design 

Thee present study was part of a clinical trial comparing the efficacy of intravenous imipenem 

(Primaxin,, MSD Asia, Hong Kong) (50 mg/kg/day, usual adult dose lg three times daily) and 

intravenouss ceftazidime (Fortum, Glaxo, Greenford, UK) (120mg/kg/day, usual adult dose 2 g 

threee times daily). The results of this trial will be reported elsewhere [20]. Clinical outcome did 

nott differ between the two treatment groups and therefore data were combined for the present 

investigation.. The patients (aged over 14 years) included in this study were admitted to the 

Sappasitprasongg Hospital, Ubon Ratchatani, Thailand, with suspected severe melioidosis. 

Melioidosiss was considered in all patients admitted during the rainy season with symptoms 

and/orr signs of community-acquired sepsis or pneumonia, particularly if underlying diabetes or 

renall  disease was present. All patients admitted to the general medical wards were screened by 

onee member of the study team. From all patients with possible melioidosis, blood, urine and 

throatt swab specimens, plus, where available, specimens of sputum and pus, were collected for 

culture.. A specific immunofluorescence (IF) test for B. pseudomallei was performed on 

suitablee specimens of sputum, urine or pus [21]. Patients were enrolled into the study if there 

wass a reasonable clinical suspicion of melioidosis, if the IF test was positive or when culture 

resultss confirmed a diagnosis of melioidosis. Exclusion criteria included known 

hypersensitivityy to penicillins, cephalosporins or carbapenems, recent treatment with an 

antibioticc active against B. pseudomallei with clinical evidence of a response to treatment, or 

infectionn with a strain of B. pseudomallei already known to be resistant to either of the study 

drugs.. Clinical data (and baseline APACHE II score) were recorded at study entry. Blood 

sampless (EDTA-anticoagulated) were collected directly before the start of antibiotic treatment 

(t=0),, and at 12, 24, 48, and 72 h thereafter. In addition, blood was collected from 20 healthy 

adultt individuals. Plasma was separated immediately and stored at -70°C until assays were 

performed. . 

Wholee blood stimulation 

Heat-killedd B. pseudomallei were prepared from a clinical isolate from Thailand. The isolate 

wass suspended in 50 ml Todd-Hewitt broth and cultured overnight in 5% C02 at 37°C. This 

suspensionn was diluted in fresh medium the next morning and incubated until log-phase 

growthh was obtained. Thereafter, 10-fold dilutions of this suspension were made and plated on 

bloodd agar plates for colony-forming unit (CFU) counts. Bacteria were harvested by 

centrifugation,, washed twice in pyrogen-free 0.9% NaCl, resuspended in 20 ml 0.9% NaCl, 
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andd heat inactivated for 60 minutes at 80°C. A 500-ul sample on a blood agar plate did not 

showw growth of bacteria. 

Wholee blood was collected from 6 healthy individuals aseptically using a sterile collecting 

systemm consisting of a butterfly needle connected to a syringe (Becton Dickinson & Co, 

Rutherford,, NJ). Anticoagulation was obtained using endotoxin-free heparin (Leo 

Pharmaceuticall  Products B.V., Weesp, the Netherlands; final concentration 10 U/ml blood). 

Wholee blood, diluted 1:1 in pyrogen-free RPMI 1640 (Bio Wittaker, Verviers, Belgium), was 

stimulatedd for 24 h at 37°C with 107 CFU/ml heat-killed B. pseudomallei in the presence or 

absencee of anti-IL-18, anti-IL-12, anti-IL-15 (all mouse IgG, R&D Systems, Abingdon, United 

Kingdom;; final concentration all 10 ug/ml). During in vitro cell stimulation, these 

concentrationss of the monoclonal Abs (mAbs) completely neutralize activity of recombinant 

humann IL-18 (rhIL-18), rhIL-12 and rhIL-15 when added at 1-2 log higher concentrations 

comparedd to levels detected after whole blood stimulation with heat-killed B. pseudomallei 

(informationn on the neutralizing capacities of the mAbs used provided by the manufacturer). 

Controll  mouse IgG (R&D Systems) was used in the appropriate concentrations. After the 

incubation,, supernatant was obtained after centrifugation and stored at -20°C until assays were 

performed. . 

Assays s 
Alll  cytokines were measured by specific enzyme-linked immunosorbent assays (ELISA's). IL-

188 was measured as described previously (Hayashibara Biochemical Laboratories Inc., 

Fujisaki,, Japan; detection limit 20 pg/ml) [22]. IFN-y (Central Laboratory of the Netherlands 

Redd Cross Blood Transfusion Service, Amsterdam, the Netherlands; detection limit 2.4 

pg/ml)) was measured according to the instructions of the manufacturer. IL-12p40 and IL-

12p700 were measured using mouse anti-human IL-12p40 mAb and anti-human IL-12p70 mAb 

ass coating Abs, biotinylated goat anti-human IL-12 as detecting Ab, and rhIL-12p40 and rhlL-

122 as standards (all R&D Systems; detection limits 11 pg/ml and 3.2 pg/ml respectively). IL-15 

wass measured using mouse anti-human IL-15 mAb as coating Ab, biotinylated mouse anti-

humann IL-15 as detecting Ab, and rhIL-15 as standard (all R&D Systems; detection limit 8.2 

pg/ml). . 

Statisticall  analysis 
Valuess in patients are given as medians and ranges. Differences between controls and/or 

patientt groups were analyzed by the Mann-Whitney U test. Changes in time during antibiotic 

treatmentt were analyzed by one-way analysis of variance, followed by Dunnett t-test where 

appropriate.. These two tests were performed after log transformation of the data. Spearman's p 

wass used to determine correlation coefficients. Data of the in vitro stimulations are expressed 

ass mean  SE of six donors. Statistical analysis was performed by Wilcoxon test. P < 0.05 was 

consideredd to represent a significant difference. 
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Results s 

Patients s 

AA total of 83 consecutive patients was studied. The median age was 50 years (range 16-85 

years);; 42 were male and 41 female. Positive cultures for B. pseudomallei were found in 62 

patients;; 31 (50 %) of these patients had positive blood cultures, of whom 12 patients died (39 

%).. In the other 31 patients, B. pseudomallei was isolated from sites other than blood; none of 

thesee patients died. In the remaining 21 patients, no positive cultures for B. pseudomallei were 

found.. 14 of these 21 patients were diagnosed for infections other than melioidosis: suspected 

septicemiaa in 6 patients (of whom 2 died) with positive blood cultures in 2 patients {Klebsiella 

andd Escherichia coli), pneumonia in 2 patients (positive cultures for Staphylococcus aureus in 

II  patient, who died), tuberculosis in 4 patients (1 died), urinary tract infection in 1 patient, and 

KlebsiellaKlebsiella species liver abscesses in 1 patient. Liver (and splenic) abscesses without positive 

culturess were found in 3 patients, 1 patient was diagnosed for hepatocellular carcinoma, while 

inn 3 patients no final diagnosis was made (1 died). This group of 21 patients was comprised 

andd further is referred to as the group with diseases other than melioidosis. Median APACHE 

III  score in the total patient population was 12 (1-26). Detailed patient characteristics are listed 
inn Table 1. 

Tablee 1. Clinical characteristics on admission in patients with clinically suspected melioidosis. 

Melioidosiss Disease other than melioidosis 

Bloodd culture positive Blood culture negative 
Survivorss Non-survivors Survivors Non-survivors 
("== l 9 ) (n=12) (n=31) (n= 16) (n=5) 

Agee (years) 45(21-63) 46(18-76) 50(24-71) 53(24-85) 46(16-56) 
Sex(M/F)) 4 / 15 5 /7 24 /7 8 /8 1/4 
APACHEE II score 13 (4-25) 19 (7-26) 8(1-24) 12(5-18) 20(11-22) 
Dataa are median (range) values. 

IFN-yy on admission 

Plasmaa levels of IFN-y were not detectable in any but 1 healthy control. IFN-y was elevated in 

thee majority (44 of 62, 71%) of patients with melioidosis (P < 0.001 vs. controls), and 

significantlyy higher in patients with bacteremic melioidosis than in patients with non-

bacteremicc melioidosis (25.4 (< 2.4-1,675) and 5.1 (< 2.4-34.8) pg/ml respectively; P < 0.001) 

(Figuree 1). IFN-y was higher in patients with bacteremic melioidosis who died than in 

survivingg patients from this group (37 (< 2.4-1,675) vs. 16.5 (< 2.4-822) pg/ml), although this 

differencee did not reach statistical significance (P = 0.41). In patients with melioidosis, there 

wass a weak positive correlation between IFN-y levels and APACHE II scores (p = 0.28, P = 

0.027).. IFN-y was also elevated in patients with other diseases (6.7 (< 2.4-8,541) pg/ml; P < 
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0.0011 vs. controls), although to a lesser extent than in patients with bacteremic melioidosis (P = 

0.041). . 

EE 100-

D. . 
O) ) 
O O 

100 0 

10 0 

IFN-y y 

PP = 0 041 . 

O tOÖ Ö 

#o o 
•• •Oo 

f>Onn n 

--
n=200 n=31 n=31 n=21 

controlss bacteremia non-bact. other 
melioidosis s 

IL-12p40 0 

** p 

oo Jo •• • 

0 0 
eso* * 
o». . 

-- 0.05 

00
8

8§0

o  0 
o  o 

o o 

•• • 
oo o 

0 * 0 0 

o o 

• • 

oo o 

n=200 n=31 n=31 n=21 

controlss bacteremia non-bact. other 
melioidosis s 

IL-18 8 

• o .. P < 0 001 

oo o 
.8 8 

o**

0 0 

•ar r 
obo o 

o"o o 
oo o 
oo
nO

survivors s 
non-survivors s 

n=200 n=31 n=31 
controlss bacteremia non-bact. 

melioidosis s 

IL-15 5 

n=21 1 

other r 

1 1 

1000--

E100--
a> a> 
o. o. 
o> o> 
0 0 

10--

0
0 0 

oo o 

8 8 

*'' P = 

0 0 
o o 

§§o} } 

§ § 
0 0 

00 p = 

00 03 ' 

* * 

o o 
o o oo o 0 

Wr r 
0800 0 

0.055 ' 

* * 

. • • 

OO IQ 
• oo o 
oooo o 

"" "8So& 

n=20 0 
controls s 

n=31 1 
bacteremia a 

n=31 1 
non-bact. . 

melioidosis s 

n=21 1 
other r 

Figuree 1. Plasma concentrations on admission in patients with culture proven melioidosis and in 
patientss included under the clinical suspicion of melioidosis. Horizontal lines represent median. 
Dottedd lines represent the detection limits of the assays. P-values reflect differences between patient 
groupss by Mann-Whitney U test. * reflects P < 0.05 vs. controls. 

IFN-y-inducin gg cytokines on admission 
Ass reported previously [22], IL-18 was detectable in plasma of healthy controls (217 (111-500) 
pg/ml).. IL-18 was strongly elevated in patients with melioidosis (P < 0.001 vs. controls) 
(Fig.. 1). IL-18 concentrations were especially high in patients with bacteremic melioidosis 
comparedd to non-bacteremic patients (3,881 (478-17,659) and 918 (287 -3,507) pg/ml 
respectively;; P < 0.001). IL-18 levels tended to be higher in non-surviving patients with 
melioidosiss (5,301 (1,181-17,659) than in surviving patients (2,796 (478-14,184) pg/ml; P = 
0.16).. There was a positive correlation between plasma IL-18 levels and APACHE II scores (p 
== 0.68, P < 0.01). IL-18 plasma levels in patients with other diseases were also elevated 
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comparedd to controls (932 (199-16,695) pg/ml; P < 0.001), but significantly lower than IL-18 

levelss in bacteremic melioidosis patients (P < 0.001). 

IL-12p400 plasma levels were elevated in all patients groups compared to controls (51 (11-

154)) pg/ml) (Fig. 1). IL-12p40 was significantly higher in bacteremic melioidosis patients than 

inn non-bacteremic patients (137.5 (58-565) pg/ml and 92 (10-349) pg/ml respectively; P = 

0.05),, but there was no difference with patients with other diseases (113 (11-1,218) pg/ml). 

Theree was no difference in IL-12p40 levels between survivors and non-survivors and there was 

noo correlation between IL-12p40 plasma concentrations and APACHE II scores. IL-12p70 

plasmaa levels were not detectable in controls, and detectable in only 9 patients overall (4 

patientss with bacteremic and 2 with non-bacteremic melioidosis, and in 3 patients with other 

diseases).. Detectable IL-12p70 levels in patients with melioidosis ranged from 3.5-11.6 pg/ml. 

Plasmaa levels of IFN-y, IL-12p40, IL-18 and IL-15 were higher in patients with detectable IL-

12p700 than in patients without detectable IL-12p70, although this difference was significant for 

IFN-yy only (49.4 (10.7-159) pg/ml and 8.9(2.2-1,675) pg/ml respectively; P = 0.014). 

IL-155 was elevated in patients with bacteremic and non-bacteremic melioidosis (49.4 (12.4-

338.8)) and 31.3 (11.6-2,743) pg/ml respectively) compared to controls (12.8 (< 8.2-122.2) 

pg/ml;; P < 0.001 and P = 0.002 respectively), with significantly higher levels in patients with 

positivee blood cultures (P = 0.033) (Figure 1). There was a weak positive correlation between 

IL-155 concentrations and APACHE II scores (p = 0.36, P = 0.004). No difference between 

survivorss and non-survivors was found. IL-15 levels in patients with other diseases were 

elevatedd compared to controls (33.6 (< 8.2-170.8) pg/ml; P = 0.02), but lower than levels in the 

bacteremicc melioidosis patient group (P = 0.049). 

Inn patients with culture-proven melioidosis and in the entire patient population, IFN-y 

inducingg cytokines showed a positive, although weak, correlation with IFN-y plasma levels 

(Tablee 2). 

Tablee 2. Correlations between IFN-y and IFN-y-inducing cytokines on admission in patients with 
clinicallyy suspected melioidosis. 

patientss with melioidosis (n-62) total patient population (n=83) 

IFN-yy IFN-y 
pp P value p_ P value 

IL-188 0.48 < 0.001 0.55 < 0.001 
IL-12p400 0.35 0.005 0.43 < 0.001 
IL-155 0.47 < 0.001 0.53 < 0.001 

Cytokiness during follow-up 
Patientss with culture proven melioidosis were followed for 72 h during antibiotic treatment 

withh either imipenem or ceftazidime. The type of antibiotic regimen did not influence the levels 
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off  IFN-y, IL-12p40, IL-18 and IL-15 (data not shown). Therefore, data from the two treatment 

groupss were combined. In patients with bacteremic melioidosis, IFN-y levels decreased 

significantlyy 48-72 h after the start of antibiotic therapy (72 h: 5.12 (< 2.4-456.5) pg/ml, P = 

0.04)) (Figure 2). Plasma levels of IL-18, IL-12p40 and IL-15 showed a slight decrease in time, 

althoughh these decreases were not significant. In patients with non-bacteremic melioidosis, 

levelss of all cytokines slightly decreased in time but remained elevated until the end of the 72-h 

studyy period (data not shown). 
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Figuree 2. Plasma levels in patients with bacteremic melioidosis during antibiotic treatment. 

Horizontall  lines represent median. Dotted lines represent the detection limits of the assays. 

P-valuee indicates changes in time analyzed by one-way analysis of variance. * reflects P < 

0.055 versus baseline by Dunnett t-test. 

Wholee blood stimulation 
Too obtain insight in the significance of endogenous IL-18, IL-12 and IL-15 in IFN-y 
productionn during melioidosis, we incubated whole blood with heat-killed B. pseudomallei 

(amountss equivalent to 107 CFU/ml) in the presence or absence of neutralizing mAbs against 
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thesee cytokines. Incubation of whole blood for 24 h without B. pseudomallei did not result in 

detectablee levels of IFN-y, IL-12p70 or IL-15, while IL-18 was measured at low concentrations 

(48.99  5.4 pg/ml). Incubation with B. pseudomallei induced the production of IFN-y at 

concentrationss of 23,268  9,051 pg/ml. Heat-killed B. pseudomallei increased IL-18 

concentrationss to 157.6  8.7 pg/ml and IL-12p70 to 64.0  20.1 pg/ml, whereas IL-15 

remainedd undetectable. While mouse IgG did not influence IFN-y production, addition of 

mAb'ss against IL-18 or IL-12 resulted in a significant decrease in IFN-y production, which was 

mostt pronounced after neutralization of IL-12 (Table 3). Although IL-15 was not detectable, 

additionn of anti-IL-15 resulted in a slight inhibition of IFN-y production. The combination of 

anti-IL-122 and anti-IL-18 resulted in a further decrease of IFN-y synthesis compared to 

incubationn with anti-IL-12 only. Combination of anti-IL-12 and/or anti-IL-18 with anti-IL-15 

hadd no additional inhibitory effect on IFN-y production. 

Tablee 3. Effect of anti-IL-18, anti IL-12 and anti-IL-15 on IFN-y production in whole blood 
stimulationn with heat-killed B. pseudomallei. 

mAbb IFN-y (ng/ml) % inhibition 

controll  23.27 5 
anti-IL-188 17.69 0 28.47  8.24 * 
anti-IL-122 8.10 1 70.54 * 
anti-IL-155 20.62 7 18.38 * 
anti-IL-188 + anti-IL-12 6.84 4 76.35  4.93 *# 

anti-IL-188 + anti-IL-15 16.20  7.10 32.88  7.91 * 
anti-IL-122 + anti-IL-15 7.94 3 69.94 * 
anti-IL-188 + anti-IL-12 + anti-IL-15 5.33  2.77 82.07  3.32 *# 

Dataa are mean  SE of 6 healthy donors. Whole blood, diluted 1:1 in RPMI, was stimulated for 24 h 
att 37°C with 107 CFU/ml heat-killed B. pseudomallei in the presence or absence of anti-IL-18, anti-
IL-12,, and/or anti-IL-15 (final concentration all 10 ug/ml). * indicates P <0.05 vs. control. # indicates 
P<0.055 vs. anti-IL-12. 

Discussion n 

Melioidosiss is a severe Gram-negative infection caused by B. pseudomallei [1]. Elevated 

levelss of IFN-y have been measured in patients with melioidosis and in a mouse model 

IFN-yy has been demonstrated to be important for host defense against B. pseudomallei [6, 

7].. In the present study we sought to obtain insight into the regulation of IFN-y production 

duringg melioidosis, by measuring the plasma levels of the IFN-y-inducing cytokines IL-18, 

IL-122 and IL-15 in patients with melioidosis, and by determination of the effect of 
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neutralizationn of these cytokines on IFN-y production in human whole blood stimulated 

withh heat-killed B. pseudomallei. Elevated plasma levels of IFN-y, IL-18, IL-12p40 and IL-

155 were found in melioidosis patients during a 72-h follow-up. IL-18 concentrations were 

remarkablyy high and showed the strongest correlation with IFN-y levels and APACHE II 

scores.. During whole blood stimulation with heat-killed B. pseudomallei, neutralization of 

IL-122 resulted in the strongest inhibition of IFN-y production, which was further enhanced 

byy additional neutralization of IL-18. The concentrations of IFN-y and IFN-y-inducing 

cytokiness were also elevated in severely ill patients with infections other than melioidosis, 

suggestingg that our findings are not unique for B. pseudomallei infections. 

Thee pro-inflammatory cytokine IFN-y is a potent macrophage activator that is considered to 

bee a central mediator in antibacterial host defense, most importantly in cell-mediated immunity 

[8].. The importance of IFN-y in host defense against (intracellular) pathogens has been 

demonstratedd in several infectious disease models. Elevated levels of IFN-y have been 

measuredd in patients with sepsis and in experimental sepsis in primates [23-25]. Mice treated 

withh anti-IFN-y and mice deficient for the IFN-y receptor are resistant against endotoxin-

inducedd shock [26, 27]. In contrast, neutralization of IFN-y resulted in increased mortality in 

micee infected with B.pseudomallei [7]. IFN-y is usually not detectable in plasma of normal 

controls.. In the present study, IFN-y was detectable in 27 of 31 (87 %) patients with bacteremic 

melioidosiss and in 17 of 31 (55 %) patients with non-bacteremic melioidosis on admission. 

Thesee results are consistent with the greatly elevated IFN-y concentrations reported previously 

inn melioidosis [6], and in contrast with septic shock of different etiology, where detectable 

IFN-yy levels are found only in the minority of patients [23, 24]. The high frequency of 

detectablee IFN-y levels found in patients with melioidosis may indicate the severity of disease 

and/orr the strong stimulation of NK and T cells during infection with B. pseudomallei. 

IL-188 is a recently described cytokine originally discovered as a potent inducer for IFN-

yy [10]. It is clear now that IL-18 possesses many biological activities, including induction of 

cytokinee production, enhancement of NK and T cell cytotoxicity, activation of IL-1 

receptor-associatedd kinase and nuclear factor KB, and induction of Fas ligand expression 

[12,, 28-31]. Together with IL-12, IL-18 plays an essential synergistic role in IFN-y 

productionn during inflammation. IL-18 and IL-12 have been shown to have a synergistic 

stimulatoryy effect on IFN-y production by NK, T and B cells [32-34]. In mice inoculated 

withh Propionibacterium acnes and challenged with endotoxin, administration of an anti-IL-

188 Ab prevented liver damage, indicating that endogenous IL-18 may contribute to 

endotoxin-inducedd toxicity [10]. In addition, anti-IL-18 exacerbated pulmonary infection 

withh Cryptococcus neoformans, while exogenous IL-18 protected mice against the lethality 

associatedd with this infection by a mechanism dependent on IL-18-induced IFN-y 

productionn [35]. IL-18 also appears to be important in host resistance to murine typhoid 

[36].. Hence, IL-18 may play an important role during infectious and inflammatory diseases, at 
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leastt in part due to its effect on IFN-y production [12]. Little is known about the role of IL-18 

duringg inflammation and infection in humans. Elevated plasma levels of IL-18 have been 

measuredd in leukemia patients [22]. In the present study we report elevated levels of IL-18 

duringg Gram-negative infection. IL-18 levels were particularly increased in patients with 

bacteremicc melioidosis. Together with the fact that IL-18 levels positively correlated with IFN-

yy concentrations, these data suggest that during melioidosis, IL-18 is an important IFN-y-

inducingg cytokine in the presence of other co-stimulatory signals, especially IL-12, which 

increasess the responsiveness of cells to IL-18 by upregulation of IL-18R expression [17]. 

IL-122 is a heterodimeric cytokine produced by antigen-presenting cells that enhances 

cytokinee production and cytotoxicity of T and NK cells, and promotes the differentiation of 

naivee T cells into Thl cells [9]. It is formed by a p35 and a p40 subunit, and the production 

off  both subunits is required to lead to the formation of the biologically active p70 

heterodimer.. IL-12 is considered to play an important role in the pathogenesis of sepsis. 

Intravenouss injection of recombinant IL-12 into primates induced sustained production of 

IFN-yy and activation of multiple inflammatory pathways implicated in pathogenesis of 

sepsiss syndrome [37]. Elevated levels of IL-12 have been measured during experimental 

andd clinical sepsis [24, 25], and neutralization of IL-12 resulted in decreased mortality of 

endotoxemicc mice [38]. In our study, low concentrations of biological active IL-12p70 

weree detectable only in 6 of 62 (10 %) patients with melioidosis. Similarly, in a previous 

studyy detectable levels of IL-12p70 were found only in a minority (9 of 46, 19 %) of 

patientss with septic shock [24]. Elevated levels of IL-12p40 were found in the majority of 

patientss and levels were much higher than IL-12p70 concentrations. This overproduction of 

IL-12p400 has been described previously in vitro and in vivo [9, 39]. Free circulating IL-

12p400 can form homodimers which can exert anti-inflammatory effects in vivo in mice, most 

likelyy by inhibiting the binding of the biological active IL-12p70 heterodimer to the IL-12 

receptorr [40]. However, IL-12p40 homodimers may have immunostimulatory effects on CD8+ 

cells,, leading to the production of IFN-y [41]. Hence, the exact function of endogenous IL-

12p400 during infection remains to be established. 

IL-155 is a cytokine produced by monocytes which shares many biological activities with 

IL-2,, with which it also shares the p and y subunit of the IL-2 receptor [42]. IL-15 stimulates 

cytokinee production, proliferation and enhanced cytotoxicity of NK and T cells. To date, 

elevatedd levels of IL-15 have been found in vivo only during chronic inflammatory diseases or 

autoimmunee disorders [43, 44]. In vitro, IL-15 has been shown to be an essential co-stimulus 

forr IL-12-induced IFN-y production by NK cells, and endogenous IL-15 was essential for 

optimall  LPS-induced IFN-y production [18, 19]. We here report elevated levels of IL-15 

melioidosis,, suggesting that IL-15 may play a role in the pathogenesis of inflammatory 

processess during Gram-negative infection. 
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Duringg whole blood stimulations with heat-killed B. pseudomallei in vitro, neutralization of 

IL-18,, IL-12 or IL-15 resulted in an inhibition of IFN-y production, an effect that was most 

pronouncedd after neutralization of IL-12. The concentrations of IL-18 found in vitro were 

muchh lower than IL-18 levels found in vivo. Therefore, it cannot be concluded directly 

fromm the in vitro results what the in vivo role of IL-18 is in IFN-y production. The main 

producerss of IL-18 are activated macrophages and Kupffer cells [10]. It is likely that low 

numberss of macrophages are present in peripheral blood of healthy individuals, which may 

explainn the discrepancy found in IL-18 levels between the in vivo and in vitro results. 

Althoughh levels of IL-12p70 during the in vitro stimulations were low as well, addition of 

anti-IL-122 resulted in a very strong inhibition of IFN-y release. This suggests that even low 

concentrationss of IL-12p70 can stimulate the production of IFN-y in vitro. The combination 

off  anti-IL-12 and anti-IL-18 resulted in an additive inhibitory effect, although IFN-y 

productionn was not completely blocked, which indicates that other stimulatory pathways for 

IFN-yy production are present. Although IL-15 was not detectable during whole blood 

stimulationn with heat-killed B. pseudomallei, addition of anti-IL-15 surprisingly resulted in a 

slightt inhibition of IFN-y production. This indicates that either very low levels of IL-15 or cell-

associatedd IL-15 may be involved as a co-stimulatory signal for optimal IFN-y production. 

Melioidosiss is a severe infection with high mortality. IFN-y plays an important role in 

thee pathogenesis of melioidosis. Our data suggest that elevated plasma concentrations of 

IFN-yy during melioidosis are at least in part the result of endogenous IL-18, IL-12 and IL-

155 activity. Whether this also holds for septic shock of different etiology remains to be 

determined. . 
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Abstract t 

Interferonn (IFN)-y-inducible protein-10 (IP-10) and monokine induced by IFN-y (Mig) are 

relatedd CXC chemokines, which bind to the CXCR3 receptor and specifically target 

activatedd T lymphocytes and natural killer (NK) cells. The production of IP-10 and Mig by 

variouss cell types in vitro is strongly dependent on IFN-y. To determine whether IP-10 and 

Migg are released during bacterial infection in humans, we measured plasma levels of IP-10 

andd Mig in patients with melioidosis, a severe gram-negative infection caused by 

BurkholderiaBurkholderia pseudomallei. IP-10 and Mig were markedly elevated in patients with 

melioidosiss on admission, particularly in blood culture-positive patients, and remained 

elevatedd during the 72-h study period. Levels of IP-10 and Mig showed a positive 

correlationn with IFN-y concentrations, and also correlated with clinical outcome. In whole 

bloodd stimulated with heat-killed B. pseudomallei, neutralization of IFN-y and tumor 

necrosiss factor-ct (TNF) partly attenuated IP-10 and Mig release, while anti-interleukin-12 

(IL-12)) and anti-IL-18 had a synergistic effect. Stimulation with other bacteria or endotoxin 

alsoo induced a strong secretion of IP-10 and Mig. These data suggest that IP-10 and Mig are 

partt of the innate immune response to bacterial infection. IP-10 and Mig may contribute to 

hostt defense in Thl-mediated host defense during infections by attracting CXCR3+ Thl 

cellss to the site of inflammation. 
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Introductio n n 

Chemokiness are a family of small chemotactic proteins that play an important role in cell 

activationn and migration of cells from the circulation to the site of inflammation (1, 2). On 

thee basis of the position of their cysteine residues, chemokines are divided into several 

familiess (3). The two major families are the CC and CXC chemokine families; the latter can 

bee further divided into two classes based on the presence of the glutamate-leucine-arginine 

(ELR)) motif preceding the CXC sequence. The ELR-containing CXC chemokines, like 

interleukin-88 (IL-8), have stimulatory and chemotactic activities on neutrophils, while the 

non-ELRR chemokines act mainly on lymphocytes. 

Interferonn (IFN)-y-inducible protein-10 (IP-10) and monokine-induced by IFN-y (Mig) 

aree members of the non-ELR CXC chemokine family, which were discovered as products 

off  genes inducible in response to IFN-y (4-6). IP-10 and Mig have potent chemotactic 

activitiess and predominantly target activated T lymphocytes and natural killer (NK) cells (5, 

7).. IP-10 and Mig are structurally closely related, and also share a common receptor, 

CXCR3,, which is expressed on activated T cells and NK cells, but not on monocytes or 

neutrophilss (8). Besides their chemotactic activities, IP-10 and Mig have been shown in 

vitroo to inhibit colony formation by hemopoietic cells (6). In mice, IP-10 and Mig inhibit 

neovascularizationn and possess anti-tumor effects (9). 

IP-100 and Mig expression has been found in several animal models of infection, 

especiallyy in infections where IFN-y is known to play an important role in host defense (10, 

11).. In mice infected with Toxoplasma gondii or vaccinia virus, expression of Mig was 

stronglyy dependent on IFN-y, since it was completely prevented after injection of an anti-

IFN-yy mAb or in IFN-y deficient mice (10). In contrast, IP-10 expression was not 

completelyy dependent on IFN-y. In humans, expression of IP-10 has been demonstrated in 

patientss with psoriasis, sarcoidosis, tuberculoid leprosy and viral meningitis (12-15). Mig 

expressionn has also been demonstrated in psoriatic lesions (16). All of these diseases are 

associatedd with increased IFN-y production and a Thl type immune response. Littl e is 

knownn of the role of IP-10 and Mig in bacterial infections. 

Melioidosiss is a severe infection caused by the gram-negative bacillus Burkholderia 

pseudomalleipseudomallei (17). In a murine model of melioidosis, it was shown that IFN-y plays an 

essentiall  role in host defense (18). Previously, markedly elevated plasma levels of IFN-y 

havee been shown in patients with melioidosis, and levels correlated with severity of disease 

(19,, 20). After injection of endotoxin in healthy human volunteers, a well accepted model 

off  systemic infection, plasma levels of IP-10 and Mig increase, suggesting that IP-10 and 

Migg are released in response to bacterial infection (21). Therefore, in the present study we 

measuredd plasma levels of IP-10 and Mig in patients with melioidosis, on admission to 

hospitall  and during a 72-h follow-up after starting antibiotic treatment. In addition, we 
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studiedd in vitro which cytokines contribute to the production of IP-10 and Mig during 
wholee blood stimulation with heat-killed B. pseudomallei and endotoxin 
(lipopolysaccharide,, LPS). 

Material ss and Methods 

Patientss and study design 

Thee patients included in the present study were also part of a previous investigation in 

whichh the release of IFN-y and IFN-y-inducing cytokines were studied (20), and all were 

partt of a clinical trial comparing the efficacy of intravenous imipenem and ceftazidime in 

suspectedd severe melioidosis (22). Clinical outcomes were similar for the two treatment groups 

andd therefore data were combined for the present investigation. Informed consent was obtained 

fromm all patients or attending relatives. The patients (aged over 14 years) were all admitted to 

Sappasitprasongg Hospital, Ubon Ratchathani, Thailand, with suspected severe melioidosis. On 

admission,, blood, urine and throat swab specimens, plus, where available, specimens of 

sputumm and pus, were collected for culture. Clinical data (and baseline APACHE II score) were 

recordedd at study entry. Blood samples (EDTA-anticoagulated) were collected directly before 

thee start of antibiotic treatment (t=0), and at 12, 24, 48, and 72 h thereafter. In addition, blood 

wass collected from 12 healthy adult volunteers (patients' relatives or hospital staff, all resident 

inn Ubon Ratchathani or the surrounding provinces). Plasma was separated immediately and 

storedd at -70°C until assays were performed. 

Wholee blood stimulation 

Heat-killedd B. pseudomallei, Pseudomonas aeruginosa, Escherichia coli, Streptococcus 

pneumoniaepneumoniae and Staphylococcus aureus were prepared from clinical isolates. Each isolate was 
suspendedd in culture medium and incubated overnight in 5% C02 at 37°C. This suspension 
wass diluted in fresh medium the next morning and incubated until log-phase growth was 
obtained.. Thereafter, 10-fold dilutions of this suspension were made and plated on blood agar 
platess for colony-forming unit (CFU) counts. Bacteria were harvested by centrifugation, 
washedd twice in pyrogen-free 0.9% NaCl, resuspended in 20 ml 0.9% NaCl, and heat 
inactivatedd for 60 minutes at 80°C. A 500-ul sample on a blood agar plate did not show growth 
off  bacteria. 

Wholee blood was collected from 6 healthy individuals aseptically using a sterile collecting 

systemm consisting of a butterfly needle connected to a syringe (Becton Dickinson & Co, 

Rutherford,, NJ). Anticoagulation was obtained using endotoxin-free heparin (Leo 

Pharmaceuticall  Products B.V., Weesp, the Netherlands; final concentration 10 U/ml blood). 

138 8 



IP-10IP-10 and Mig release in melioidosis 

Wholee blood, diluted 1:1 in pyrogen-free RPMI 1640 (Bio Wittaker, Verviers, Belgium), was 

stimulatedd for 24 h at 37°C with 107 CFU/ml heat-killed bacteria in the presence or absence of 

mousee anti-human TNF (MAK 195; final concentration 10 ug/ml), anti-IFN-y, anti-IL-12 and 

anti-IL-188 (all mouse IgG, R&D Systems, Abingdon, United Kingdom; final concentration all 

100 ug/ml). MAK 195F was generously provided by Knoll AG, Ludwigshafen, Germany. 

Duringg in vitro cell stimulation, these concentrations of the monoclonal Abs (mAbs) 

completelyy neutralize activity of recombinant human TNF (rhTNF), rhlFN-y , rhIL-12 and 

rhIL-188 when added at 1-2 log higher concentrations compared to levels detected after whole 

bloodd stimulation with heat-killed B. pseudomallei (20) (information on the neutralizing 

capacitiess of the mAbs used provided by the manufacturer). Control mouse IgG (R&D 

Systems)) was used in the appropriate concentrations. After the incubation, supernatant was 

obtainedd after centrifugation and stored at -20°C until assays were performed. 

Assays s 
IP-100 and Mig levels were measured by ELISA according to the instructions of the 

manufacturer.. In short, mouse anti-human IP-10 (4 ug/ml) and mouse anti-human Mig (1 

ug/ml)) were used as coating Abs, biotinylated goat anti-human IP-10 (50 ng/ml) and goat 

anti-humann Mig (4 ug/ml) as detection Abs, and recombinant human IP-10 and Mig as 

standards.. All IP-10 reagents were from R&D Systems (Abingdon, UK), and all Mig 

reagentss from PharMingen (San Diego, CA). The detection limits of the assays were 20 

pg/mll  (IP-10) and 8 pg/ml (Mig). 

Statisticall  analysis 
Valuess in patients are given as medians and ranges. Differences between controls and/or 

patientt groups were analyzed by the Mann-Whitney U test. Changes in time during antibiotic 

treatmentt were analyzed by one-way ANOVA. These two tests were performed after log 

transformationn of the data. Spearman's p was used to determine correlation coefficients. Data 

off  the in vitro stimulations are expressed as mean  SE of six donors. Statistical analysis was 

performedd by Wilcoxon test. P < 0.05 was considered to represent a significant difference. 

139 9 



ChapterChapter 11 

Results s 

Patients s 

Thee characteristics of this patient population have been reported previously (20). Briefly, a 

totall  of 86 consecutive patients (43 males, 43 females) with a median age of 50 years (range 

16-855 years) were studied. In 64 patients, the diagnosis of melioidosis was confirmed by 

positivee cultures for B. pseudomallei. Positive blood cultures were found in 34 patients (of 

whomm 16 patients died), while in the other 30 patients, B. pseudomallei was isolated only 

fromm sites other than blood (2 died). The remaining 22 patients were not culture-positive for 

B.B. pseudomallei (and are referred to subsequently as patients with diseases other than 

melioidosis).. 15 of these patients were diagnosed with other infections: clinical sepsis in 9 

patientss (of whom 4 died) with positive blood cultures in 4 patients (E. coli, Klebsiella 

pneumoniae,pneumoniae, P. aeruginosa and S. aureus), pneumonia in 2 patients (positive cultures for S. 

aureusaureus in 1 patients, who died), urinary tract infection in 1 patient and tuberculosis in 3 

patients.. In 3 patients, liver and/or splenic abscesses without positive cultures were found, 1 

patientt was diagnosed with hepatocellular carcinoma, while in 3 patients no final diagnosis 

wass made (1 died). Median APACHE II score in patients with bacteremic melioidosis was 

166 (4-30), in the non-bacteremic melioidosis patients 9.5 (1-24) and in the group with 

diseasess other than melioidosis 13.5 (5-24). 

IP-100 and Mi g concentrations on admission 

Mediann plasma concentrations of IP-10 in healthy controls were 352 (range 61-821) pg/ml 

(Fig.. 1). In patients with melioidosis, markedly elevated levels of IP-10 were found 

comparedd to controls (P < 0.001), with significantly higher concentrations in patients with 

positivee blood cultures (5923 (282-31,713) pg/ml) than in patients with non-bacteremic 

melioidosiss (1511 (230-27,355) pg/ml; P < 0.001). In patients with bacteremic melioidosis, 

levelss of IP-10 were higher in patients who died then in patients who survived (9545 (282-

31,713)) pg/ml vs. 2924 (703-11,996) pg/ml; P = 0.004). IP-10 plasma concentrations 

correlatedd positively with APACHE II scores (p - 0.64; P < 0.001). In patients with 

diseasess other than melioidosis, IP-10 levels were increased compared to controls (965 

(103-93,732)) pg/ml; P = 0.001), but significantly lower than in patients with bacteremic 

melioidosiss (P = 0.015). IP-10 concentrations were higher in non-surviving patients than in 

survivingg patients (7,986 (839-93,732) pg/ml and 832 (103-12,174) pg/ml respectively; P -

0.018) ) 

Migg was detectable in plasma of healthy controls at a median concentration of 914 

(220-2772)) pg/ml (Fig. 1). Mig concentrations were markedly increased in melioidosis 

patientss (P < 0.001), with higher levels in patients with positive blood cultures then in 

patientss with non-bacteremic melioidosis (18,265 (1185-407,000) pg/ml and 5,036 (1017-
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167,000)) pg/ml respectively; P < 0.001). Patients with positive blood cultures who died had 

higherr Mig plasma concentrations compared to patients who survived (27,761 (1185-

407,000)) pg/ml and 9409 (1330-46,024) pg/ml respectively; P = 0.001). Mig levels showed 

aa positive correlation with APACHE II scores (p = 0.72; P < 0.001). In patients with other 

diseasess than melioidosis, Mig concentrations were elevated compared to controls (4425 

(717-172,000)) pg/ml; P < 0.001), although significantly lower than in bacteremic 

melioidosiss patients (P = 0.043), with higher levels in patients who died than in patients 

whoo survived (24,310 (4425-172,000) pg/ml and 2880 (717-69,791) pg/ml respectively; P = 

0.008). . 
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Figuree 1. Plasma concentrations of IP-10 and Mig on admission in patients with culture-proven 
melioidosis,, in patients with diseases other than melioidosis and in healthy controls. Horizontal lines 
representt medians. * indicates P < 0.05 vs. controls. P-values reflect differences between groups by 
Mann-Whitneyy U test. 

Inn patients with culture-proven melioidosis and also in the total patient population, IP-10 

andd Mig plasma levels showed a strong positive correlation (Table 1). Since the production 

off  IP-10 and Mig is strongly IFN-y dependent in both in vitro and mouse studies, we 

examinedd correlations between both IP-10 and Mig concentrations and IFN-y levels in these 

patientss (the IFN-y levels have been reported previously (20)). Both IP-10 and Mig showed 

aa positive, although weak, correlation with IFN-y (Table 1). 
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Tablee 1. Correlations between IP-10, Mig and IFN-y on admission in patients with clinically 

suspectedd melioidosis. 

Correlation n 

IP-10-Mig g 
IP-10-IFN-y y 

Mig-IFN-y y 

Patientss w 

P P 

0.88 8 
0.49 9 
0.44 4 

thh melioidosis (n=64) 
P-value e 

<< 0.001 
<< 0.001 

0.034 4 

Totall  patient 

P P 

0.87 7 
0.51 1 
0.52 2 

populationn (n=86) 
P-value e 

<< 0.001 
<< 0.001 

0.009 9 

IP-100 and Mig durin g follow-up 
Patientss with culture-proven melioidosis were followed for 72 h following the start of 
antibioticc therapy with either ceftazidime or imipenem. Since the type of antibiotic 
treatmentt had no effect on IP-10 and Mig levels, data of the two treatment groups were 
combinedd (data not shown). In patients with positive blood cultures for B. pseudomallei, 

bothh IP-10 and Mig concentrations decreased significantly in time during antibiotic 
treatmentt (72 h: IP-10: 2,328 (200-11,885) pg/ml, Mtg: 4893 (993-23,606) pg/ml; P = 
0.0299 and P = 0.009 respectively) (Fig. 2). However, IP-10 and Mig levels at 72h after the 
startt of antibiotic therapy were still elevated compared to levels in healthy controls (both P 
<< 0.001). In patients with non-bacteremic melioidosis, IP-10 and Mig concentrations did 
nott significantly decrease in time during antibiotic treatment, and remained elevated until 
thee end of the 72-h study period (data not shown). 
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Figuree 2. Plasma levels of IP-10 and Mig in patients with bactcremic melioidosis during antibiotic 

treatment.. Horizontal lines represent medians. P-values indicate changes in time analyzed by one-way 

analysiss of variance. 
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Regulationn ofIP-10 and Mi g production in whole blood 
Thee production of IP-10 and Mig by various cell types in vitro is strongly dependent on 

IFN-yy (23, 24). Also, co-stimulation with TNF was needed for optimal IFN-y-induced IP-10 

andd Mig release by human neutrophils (24). Melioidosis is associated with elevated plasma 

concentrationss of several proinflammatory cytokines (19, 20, 25). To obtain insight into the 

rolee of endogenous cytokines in IP-10 and Mig release during melioidosis, we incubated 

wholee blood with heat-killed B. pseudomallei (amount equivalent to 10 CFU/ml), in the 

presencee of neutralizing antibodies against cytokines which are important for IP-10 and 

Migg release and which are known to be important in the pathogenesis of melioidosis. 

Incubationn of whole blood for 24 h at 37°C without heat-killed B. pseudomallei resulted in 

detectablee levels of IP-10 (299  94 pg/ml) and Mig (352  109 pg/ml). Incubation with 

heat-killedd B. pseudomallei increased IP-10 levels to 4448  955 pg/ml and Mig levels to 

38511  650 pg/ml (both P < 0.05 vs. control). Addition of control IgG did not influence IP-

100 and Mig concentrations. Addition of either anti-IFN-y or anti-TNF decreased the release 

off  IP-10 significantly and, more potently, that of Mig (Table 2). In contrast, anti-IL-12 or 

anti-IL-188 alone did not significantly inhibit IP-10 or Mig production, but the combination 

off  anti-IL-12 and anti-IL-18 resulted in a synergistic inhibition of both IP-10 and Mig 

release.. Addition of both anti-IFN-y and anti-IL-12 induced a further decrease in IP-10 and 

Migg production relative to the addition of anti-IFN-y only, while the combination of anti-

IFN-yy and anti-IL-18 had no additional inhibitory effect. 

Tablee 2. Effects of neutralizing mAbs against proinflammatory cytokines on IP-10 and Mig 
productionn during whole blood stimulation with heat-killed B. pseudomallei or E. coli LPS. 

%in n 

mAb b 

anti-IFN-y y 
anti-IL-12 2 
anti-IL-18 8 

anti-TNF F 

hibition n 

anti-IL-122 + anti-IL-18 

anti-IFN-y y 
anti-IFN-y y 

++ anti-IL-12 
++ anti-IL-18 

IP-10 0 

B.B. pseudomallei 

19.00 * 
4.33 + 5.9 

0.66 2 
22.11 1 

28.44 4 

33.88  5.9 *# 

21.33 + 7.5 

LPS S 

50.22 * 
59.11 9 

26.11 2 
36.77 6 

65.00 5 
ND D 
ND D 

B.B. pseudomallei 

35.11 * 
3.88 7 

8.44 7 
27.66 6 

29.11  10.5 

46.11 # 

31.88 + 9.1 

Mig g 

LPS S 

67.77 * 
61.55 8 

32.99 8 
1 1 

71.99 4 

ND D 
ND D 

Dataa are mean  SE of 6 healthy donors and expressed as percentage inhibition relative to incubation 
withh heat-killed B. pseudomallei only. Whole blood, diluted 1:1 in RPMI, was stimulated for 24 h at 
37°CC with 107 CFU/ml heat-killed B. pseudomallei or LPS (10 ng/m!) in the presence or absence of 
neutralizingg Abs against TNF, IFN-y, IL-12, or IL-18 (final concentration all 10 ug/ml). Incubation 
withoutt stimulus resulted in low levels of IP-10 (653 0 pg/ml) and Mig (253  96 pg/ml). IP-10 
levelss after stimulation with heat-killed B. pseudomallei were 4,448  955 pg/ml, Mig levels were 
3,8511 0 pg/ml. Stimulation with LPS increased IP-10 concentrations to 12,594  1686 pg/ml, and 
Migg levels to 2858  807 pg/ml. * indicates P < 0.05 vs. control Ab.# indicates P < 0.05 vs. anti-IFN-
y.. ND = not determined. 
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Wee have shown previously that plasma levels of IP-10 and Mig increase after an i.v. bolus 

injectionn of LPS in humans (21). In accordance with these results, incubation of whole 

bloodd with LPS resulted in elevated concentrations of IP-10 (12,594  1686 pg/ml) and Mig 

(28588  807 pg/ml; both P < 0.05 vs. control). In contrast to the results found with heat-

killedd B. pseudomallei, addition of anti-IL-12 strongly inhibited IP-10 and Mig release, 

whilee anti-IL-18 also significantly attenuated IP-10 and Mig release, although to a lesser 

extentt than anti-IL-12 (Table 2). The combination of anti-IL-12 and anti-IL-18 further 

decreasedd slightly the release of IP-10 and Mig, although this difference was not significant 

comparedd to the effect of anti-IL-12 only. Addition of anti-IFN-y strongly inhibited LPS-

inducedd IP-10 and Mig release, while anti-TNF also had a strong inhibitory effect (Table 

2). . 

Too determine whether other bacteria can stimulate the release of IP-10 and Mig, we 

comparedd the effect of heat-killed B. pseudomallei with other gram-negative bacteria (i.e. 

heat-killedd P. aeruginosa and E. coli) and gram-positive bacteria (heat-killed S. 

pneumoniaepneumoniae and S. aureus) during whole blood stimulation in vitro. As shown in Table 3, 

alll  bacteria were potent inducers for IP-10 and Mig production. 

Tablee 3. IP-10 and Mig release during whole stimulation with different bacteria. 

Heat-killedd bacteria (107 CFU/ml) IP-10 (pg/ml) Mig (pg/ml) 

B.B. pseudomallei 6299  836 1794  282 
P.P. aeruginosa 4171  701 1903  449 
E.coliE.coli 7005 1619 2328 6 
S.S. pneumoniae 2899  992 3379  1659 
S.S. aureus 10,444+ 1800 3247  569 

Dataa are mean  SE of 6 healthy subjects. Whole blood, diluted 1:1 in RPMI, was 
stimulatedd for 24 h at 37°C with different heat-killed bacteria (final concentration 107 
CFU/ml).. Incubation of whole blood for 24 h at 37°C without bacteria resulted in detectable 
levelss of IP-10 (963  344 pg/ml) and Mig (352  109 pg/ml). 

Discussion n 

IP-100 and Mig are members of the non-ELR CXC chemokine family, which are potent 

chemoattractantss for activated T lymphocytes and NK cells (6). They were identified as 

productss of genes induced in response to IFN-y (4, 5). The production of IP-10 and Mig can 

bee induced strongly by IFN-y in a large variety of cells in vitro, including 

monocytes/macrophages,, neutrophils, epithelial cells and endothelial cells (6, 23, 24, 26). 
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Inn murine infection models, expression of IP-10 and Mig has been demonstrated in multiple 

organs,, and was largely dependent on IFN-y (10). Increased expression of IP-10 and Mig 

hass been observed in various clinical conditions in humans (12-16), but littl e is known of 

thee expression of IP-10 and Mig, and their relation to IFN-y, during bacterial infection. 

Inn this study we have demonstrated that plasma concentrations of IP-10 and Mig are 

elevatedd markedly and for a prolonged time in patients with a melioidosis. Melioidosis is a 

severee infection caused by the gram-negative bacillus B. pseudomallei and an important 

causee of illness and death in parts of Southeast Asia (17). This patient population was 

selectedd since IFN-y was shown to be important for host defense in a mouse model of 

melioidosiss (18). In addition, elevated plasma levels of IFN-y have been found in a high 

proportionn of patients with melioidosis (19, 20). The clinical presentation of melioidosis 

variess from mild localized disease to acute fulminant septicemia. IP-10 and Mig 

concentrationss were higher in patients with bacteremic disease, and higher levels were 

associatedd with a fatal outcome. Concentrations of IP-10 and Mig showed a positive, 

althoughh weak, correlation with IFN-y levels. These data indicate that during severe 

melioidosis,, IP-10 and Mig levels correlate with severity of disease and with IFN-y levels, 

althoughh this latter correlation was not as strong as previously found in vitro and in mice 

(10,, 24, 26). 
Mostt chemokines can bind to more than one chemokine receptor, but IP-10 and Mig 

specificallyy bind to the CXCR3 (3, 8). Another recently identified non-ELR CXC 

chemokine,, IFN-y-inducible T cell a chemoattractant (I-TAC), also selectively binds to 

CXCR33 (27). CXCR3 is only expressed on activated T lymphocytes and NK cells, and not 

onn other leukocytes (8). Recently, it has been demonstrated that CXCR3 (and CCR5) is 

preferentiallyy expressed on Thl type lymphocytes (28-30). A Thl-type immune response is 

associatedd with the release of Thl type cytokines like IFN-y and IL-2, and known to 

enhancee cell-mediated immunity, which is important for host defense against intracellular 

pathogenss (31). In vitro studies have demonstrated that B. pseudomallei can survive 

intracellular̂ ^ within phagocytes (32). This suggests that during melioidosis, IP-10 and Mig 

mayy be important for the activation and attraction of CXCR3+ Thl cells to the site of 

inflammation,, which can contribute to host defense against B. pseudomallei by the 

additionall  production of Thl type cytokines. 

Too obtain more insight into the role of IFN-y in the regulation of IP-10 and Mig 

productionn during bacterial infection, we incubated whole blood with heat-killed B. 

pseudomalleipseudomallei and LPS in the presence or absence of neutralizing antibodies against IFN-y. 

Interestingly,, neutralization of IFN-y only reduced the release of IP-10 and Mig slightly. 

Thee effect of anti-IFN-y on Mig release was stronger than the effect on IP-10 production. 

Thiss is concordant with previous studies, which demonstrated that Mig release is more 
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dependentt on IFN-Y than IP-10 production (6, 10). These data suggest that the effect of B. 

pseudomalleipseudomallei on IP-10 and Mig production is not completely dependent on IFN-y. 

Too study the involvement of other cytokines, we performed whole blood stimulations 

withh neutralizing Abs against a number of cytokines that are elevated in patients with 

melioidosis,, i.e. TNF, IL-12 and IL-18 (20, 25). TNF has been shown to play an essential 

synergisticc role with IFN-y in the production IP-10 and Mig production in vitro (24, 26). In 

linee with these results, addition of anti-TNF significantly inhibited heat-killed B. 

pseudomallei-stimu\atedpseudomallei-stimu\ated IP-10 and Mig production. IL-12 is a potent stimulator of IFN-y 

production,, and IL-18 synergistically enhances IL-12-induced IFN-y release (33, 34). 

Previously,, we found that addition of anti-IL-12 or anti-IL-18 strongly, but not completely, 

inhibitedd IFN-y production during whole blood stimulation with heat-killed B. pseudomallei 

(20),, which may explain why neither anti-IL-12 nor anti-IL-18 alone had any effect. The 

combinationn of anti-IL-12 and IL-18 had an additional inhibitory effect on IFN-y 

production,, which may have provided a sufficient decrease in IFN-y production to inhibit 

IP-100 and Mig release. The combination of anti-IL-12 and anti-IFN-y had an additional 

inhibitoryy effect, suggesting that IL-12 and IFN-y influence IP-10 and Mig production in 

partt by independent mechanisms. In contrast to the effects on heat-killed B. pseudomallei-

stimulatedd IP-10 and Mig production, neutralization of IFN-y or TNF strongly inhibited 

LPS-inducedd IP-10 and Mig release, while anti-IL-12 and anti-IL-18 also had a potent 

inhibitoryy effect. This suggests that the stimulatory effect of B. pseudomallei on IP-10 and 

Migg production is only partially mediated through LPS, and is consistent with previous 

studiess which suggest that B. pseudomallei endotoxin is considerably less potent than LPS 

fromm E. coli (35). 

Inn conclusion, we found that during severe gram-negative bacterial infection in 

humans,, IP-10 and Mig plasma concentrations were elevated markedly, and correlated with 

thee severity of disease and clinical outcome. In whole blood in vitro, not only B. 

pseudomallei,pseudomallei, but also other gram-negative and gram-positive bacteria, as well as E. coli 

LPSS were able to induce IP-10 and Mig release. These data suggest that the release of IP-10 

andd Mig is part of the innate immune response to bacterial infection. IP-10 and Mig may 

contributee to Thl-mediated host defense during infections by attracting CXCR3+ Thl cells 

too the site of inflammation. 
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Abstract t 

Extracellularr release of granzymes is considered to reflect the involvement of cytotoxic T 

lymphocyteslymphocytes and natural killer cells in various disease states. To obtain insight into 

granzymee release during bacterial infection, we measured granzyme levels during 

experimentall  human endotoxemia and in patients with melioidosis, a severe gram-

negativee infection. Granzyme(Gr)A and GrB plasma concentrations increased transiently 

afterr endotoxin administration, peaking after 2-6h. In patients with bacteremic 

melioidosis,, GrA and GrB levels were elevated on admission and remained high during 

thee 72-h study period. In whole blood stimulated with heat-killed B. pseudomallei, 

neutralizationn of either TNF, IL-12 or IL-18 inhibited granzyme secretion, which was 

independentt of IFN-y. Stimulation with endotoxin and other gram-negative and gram-

positivee bacteria also strongly induced the secretion of granzymes, suggesting that 

granzymee release is a general immune response during bacterial infection. The interaction 

betweenn the cytokine network and granzymes may play an important immunoregulatory 

rolee during bacterial infections. 

150 0 



GranzymeGranzyme release in melioidosis 

Introductio n n 

Cytotoxicc CD8+ T lymphocytes (CTL) and natural killer (NK) cells are the effector cells 

off  cell-mediated immune responses. Together, these cells are often referred to as 

cytotoxicc lymphocytes (CL) [1]. CL protect the host by lysing cells infected by viruses, 

intracellularr bacteria or parasites, and by destroying of tumor cells [2]. CL-induced 

cytotoxicityy is mediated either by Fas ligation or by the granule exocytosis pathway, 

whichh involves the release of perforin and a family of serine proteases called granzymes, 

intoo the intercellular space between CL and the target cell [1,2]. Perforin facilitates target 

celll  entry and/or trafficking of granzymes [3, 4]. Various studies have indicated that 

granzymess (Gr)A and B are important for the initiation of apoptosis in the target cell [5-

7].. While GrB rapidly induces target cell apoptosis, GrA acts slowly via a different 

pathwayy and can only be detected if the activity of GrB is inhibited, thus serving as a 

criticall  back-up system [3]. 

Previouss studies have demonstrated that granzymes are also released extracellularly 

duringg degranulation of CL [8]. In addition, it was found that CL constitutively secrete a 

partt of newly synthesized granzymes by a non-granule dependent pathway [9]. Recently, 

specificc ELI SAs have been developed to measure soluble granzymes in vivo in humans 

[10].. Measurement of concentrations of soluble granzymes is considered to reflect the 

involvementt of CTL and NK cells in various disease states. Indeed, elevated plasma 

levelss of granzymes have been reported in patients with rheumatoid arthritis, Epstein-Barr 

viruss or HIV-1 infection, and during primary cytomegalovirus infection [10-12]. We were 

interestedd whether granzymes are also secreted during bacterial infections. Therefore, we 

studiedd the levels of soluble granzymes during experimental human endotoxemia, a well 

acceptedd model of systemic inflammation in humans [13], and in patients with 

melioidosis,, a severe gram-negative infection caused by Burkholderia pseudomallei, in 

whichh there is extensive proinflammatory cytokine production [14]. In addition, during 

wholee blood stimulation in vitro, we determined the role of several proinflammatory 

cytokiness in the activation of CL and subsequent release of granzymes. 

Material ss and methods 

Experimentall  human endotoxemia 
Eightt healthy male volunteers (mean age 22 years, range 19-25 years) were admitted to 

thee Clinical Research Unit of the Academic Medical Center. Written informed consent 

wass obtained from all study objects. The study was approved by the research and ethical 
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committeess of the Academic Medical Center. Medical history, physical and routine 

laboratoryy examination, chest X-ray and electrocardiogram of all volunteers were normal. 

Eachh volunteer received a bolus intravenous injection of Escherichia coli endotoxin 

(LPS),, lot G (United States Pharmacopeial Convention, Rockville, MD) administered 

overr one minute in an antecubital vein at a dose of 4 ng/kg. Blood was collected in EDTA 

tubess directly before LPS injection and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12 and 24 h 

thereafter.. Plasma was obtained after centrifugation, and stored at -20°C until assays were 

performed.. In addition, blood for FACScan analysis was obtained at selected timepoints 

(t=0,, 3, 6 and 24 h) in heparin containing vacutainer tubes. 

FACScann analysis 
Peripherall  blood mononuclear cells (PBMC's) were isolated by Ficoll-Hypaque density 

gradientt centrifugation (Ficoll Paque, Pharmacia Biotech, Uppsala, Sweden) at room 

temperaturee for 20 minutes at 1000 x g. PBMC's were collected in the inter-phase, 

washedd twice with PBS and resuspended in FACS buffer (PBS supplemented with 0.01% 

(w/v)) NaN3, 0.5% BSA (w/v) and 0.3 mM EDTA). For staining of cell surface markers, 

0.55 x 106 cells/ tube were incubated with the following mouse monoclonal Abs: Cy-

Chrome5-labeledd anti-CD3 mAb (Immunotech, Marseille, France), FITC-labeled anti-

CD88 (CLB) and/ or Simultest CD3/CD16+CD56 (Becton Dickinson & Co, Rutherford, 

NJ).. The appropriate isotype controls (all Immunotech) were included in all experiments. 

Afterr incubation, cell were washed twice and resuspended in FACS buffer. Lymphocytes 

weree gated by forward and side scatter using a FACScan (Becton Dickinson) and 5,000 

cellss were counted. 

Melioidosiss patients and study design 
Thee patients included in the present study were part of a clinical trial comparing the efficacy 

off  intravenous imipenem and ceftazidime in suspected severe melioidosis [15]. Clinical 

outcomee did not differ between the two treatment groups and therefore data were combined 

forr the present investigation. Informed consent was obtained from all patients or attending 

relatives.. Ethical approval for this clinical trial was obtained from the Thai Ministry of Public 

Health.. The patients (aged over 14 years) included in this study were all admitted to the 

Sappasitprasongg Hospital, Ubon Ratchathani, Thailand. Melioidosis was considered in all 

patientss admitted during the rainy season with symptoms and/or signs of community-

acquiredd sepsis or pneumonia, particularly if underlying diabetes or renal disease was 

present.. From all patients with possible melioidosis, blood, urine and throat swab specimens, 

plus,, where available, specimens of sputum and pus, were collected for culture. Clinical data 

(andd baseline APACHE II score) were recorded at study entry. Blood samples (EDTA-

anticoagulated)) were collected directly before the start of antibiotic treatment (t=0), and at 12, 
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24,, 48, and 72 h thereafter. In addition, blood was collected from 12 healthy adult volunteers 

(patients'' relatives or hospital staff, all resident in Ubon Ratchathani or the surrounding 

provinces).. Plasma was separated immediately and stored at -70°C until assays were 

performed. . 

Wholee blood stimulation 
Heat-killedd B. pseudomallei, Pseudomonas aeruginosa, Escherichia coli, Streptococcus 

pneumoniaepneumoniae and Staphylococcus aureus were prepared from clinical isolates. The isolate was 

suspendedd in culture medium and incubated overnight in 5% C02 at 37°C. This suspension 

wass diluted in fresh medium the next morning and incubated until log-phase growth was 

obtained.. Thereafter, 10-fold dilutions of this suspension were made and plated on blood agar 

platess for colony-forming unit (CFU) counts. Bacteria were harvested by centrifugation, 

washedd twice in pyrogen-free 0.9% NaCl, resuspended in 20 ml 0.9% NaCl, and heat 

inactivatedd for 60 minutes at 80°C. A 500-ul sample on a blood agar plate did not show 

growthh of bacteria. 

Wholee blood was collected aseptically from 6 healthy individuals using a sterile 

collectingg system consisting of a butterfly needle connected to a syringe (Becton 

Dickinson).. Anticoagulation was obtained using endotoxin-free heparin (Leo 

Pharmaceuticall  Products B.V., Weesp, the Netherlands; final concentration 10 U/ml 

blood).. Whole blood, diluted 1:1 in pyrogen-free RPMI 1640 (Bio Wittaker, Verviers, 

Belgium),, was stimulated for 24 h at 37°C with 107 CFU/ml heat-killed bacteria or LPS 

(finall  concentration 10 ng/ml; from E coli serotype 0111:B4; Sigma, St. Louis, MO). 

Incubationss with heat-killed B. pseudomallei or LPS were also performed in the presence 

orr absence of mouse anti-human TNF (MAK 195; final concentration 10 ug/ml), anti-IL-

12,, anti-IL-18, anti-IFN-y or anti-IL-15 (all mouse IgG mAbs, R&D Systems, Abingdon, 

Unitedd Kingdom; final concentration all 10 ug/ml). MAK 195F was generously provided 

byy Knoll AG, Ludwigshafen, Germany. During in vitro cell stimulation, these 

concentrationss of the anti-cytokine mAbs used completely neutralize the activity of 

recombinantt human TNF (rhTNF), rhIL-12, rhIL-18, rhlFN-y and rhIL-15 when added at 

1-22 log higher concentrations compared to levels detected after whole blood stimulation 

withh heat-killed B. pseudomallei [16] (information on the neutralizing capacities of the 

mAbss used provided by the manufacturer). Control mouse IgG (R&D Systems) was used 

inn the appropriate concentrations. After the incubation, supernatant was obtained after 

centrifugationn and stored at -20°C until assays were performed. 

Assays s 
Leukocytee counts and differentials were determined in EDTA-anticoagulated blood using 

floww cytometry. Concentrations of granzymes A and B were measured by specific 
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ELISA'ss as described before [10]. In short, purified mAb GA29 or GB1! (both 1 ug/ml) 

weree used as coating Abs, biotinylated GA28 or GB10 (both 1:1000) as detecting Abs, 

andd purified GrB and lymphokine-activated killer (LAK) cell lysate as standards. 

Detectionn limits of the assays were 3.2 pg/ml (GrA) and 5 pg/ml (GrB). IFN-y-inducible 

protein-100 (IP-10) (R&D Systems; detection limit 20 pg/ml) and monokine induced by IFN-y 

(Mig)) (PharMingen, San Diego, CA; 8 pg/ml) were measured according to the instructions of 

thee manufacturer. 

Statisticall  analysis 

Dataa of the endotoxemia study are expressed as mean  SE of 8 subjects. Changes in time 

weree analyzed by one-way analysis of variance (ANOVA). Differences from baseline were 

assessedd by Dunnett t test for multiple comparisons and Wilcoxon test. Values in patients are 

givenn as medians and ranges. Differences between controls and/or patient groups were 

analyzedd by the Mann-Whitney U test. Changes in time during antibiotic treatment were 

analyzedd by one-way ANOVA. These two tests were performed after log transformation of 

thee data. Spearman's p was used to determine correlation coefficients. Data of the in vitro 

stimulationss are expressed as mean  SE of six donors. Statistical analysis was performed by 

Wilcoxonn test. P < 0.05 was considered to represent a significant difference. 

Results s 

Humann endotoxemia study 

Clinicall  response to LPS 

Intravenouss injection of LPS was associated with transient influenza-like symptoms, 
includingg headache, nausea, myalgia and chills, starting 1-2 h after LPS administration, 
andd lasting no longer than 3-4 h. In addition, a rise in body temperature was recorded, 
peakingg at 3-4 h after LPS (38.6  0.3°C; P < 0.05). 

Effectt  of LPS on lymphocyte counts 

Afterr an initial decline, leukocyte counts strongly increased after LPS injection, and 
remainedd high until 24 h (Table 1). LPS administration induced a marked lymphopenia 
withh lowest cell numbers after 6 h. This decrease in lymphocyte counts was associated 
withh a strong decrease in the number of CD3+/CD8+ lymphocytes and the number of NK 
cells. . 
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Tablee 1. Effect of LPS administration in vivo on cell counts and differentials. 

Timee (h after LPS injection) 

0 0 

5.033 + 0.43 

1.655 + 0.10 

22.511 1 

0.377 + 0.04 

7.644  1.29 

0.122 + 0.02 

Leukocytess (x io9/L) 
Lymphocytess (x iotJ/L) 
CD3+/CD8++ lymphocytes (%) 
CD3+/CD8++ lymphocytes (x IO'/L) 

NKK cells (%) 
NKK cells (x io"/i.) 

Valuess are mean  SE of 8 healthy subjects. LPS (4 ng/kg) was given as an i.v. bolus injection at 
t== 0 h. Analysis was performedby flow cytometry and FACScan analysis. Data are expressed as cell 
countss or percentage positive cells within the lymphocyte population. * indicates P < 0.05 versus 
baselinee by Wilcoxon. 

4.100 * 

0.388 * 

14.211  1.56* 

0.066 * 

4.711  1.24 

0.022 + 0.01* 

10.799 * 

0.299 + 0.02* 

13.833 * 

0.044 * 

4.199 * 

0.011 * 

24 4 

* * 

1.555  0.12 

18.422 1 

0.299 6 

7.099  1.08 

0.111 1 

Granzymee concentrations 

Plasmaa levels of GrA and GrB were detectable at low levels before LPS administration 

(10.755  1.25 pg/ml and 6.00  0.93 pg/ml respectively). LPS injection resulted in a 

transientt increase in GrA levels, peaking at 2 h (48.88  9.04 pg/mL; P < 0.001) (Fig. 1). 

Levelss of GrB showed a gradual increase after LPS administration with peak levels after 

5-66 h (6 h: 12.13  1.67 pg/mL; P < 0.001). 

Granzymee A 

PP < 0.001 

— i i 

00 2 4 6 8 10 12 20 24 
timee (h) 

Granzymee B 

PP < 0.001 

00 2 4 6 8 10 12 20 24 

timee (h) 

Figuree 1. Plasma levels of soluble granzyme A and B after an i.v. bolus injection of endotoxin (4 

ng/kg)) in healthy male subjects. Data are expressed as mean  SE of 8 individuals. P-value reflects 

changess in time analyzed by one way ANOVA. * indicates P < 0.05 versus baseline by Dunnett t-

test. . 
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Melioidosiss study 

Patients s 

AA total of 86 consecutive patients were studied; 43 were male and 43 female. The median 

agee was 50 years (range 16-85 years). Positive cultures for B. pseudomallei were found in 

644 patients, with positive blood cultures in 34 patients (53 %), of whom 16 patients died 

(477 %). In the other 30 patients, B. pseudomallei was isolated from sites other than blood; 

22 of these patients died (7 %). In the remaining 22 patients, no positive cultures for B. 

pseudomalleipseudomallei were found. The majority of these patients (15) were diagnosed with 

infectionss other than melioidosis: clinical sepsis in 9 patients (of whom 4 died) with 

positivee blood cultures in 4 patients (Escherichia coli, Klebsiella pneumoniae, P. 

aeruginosaaeruginosa and Staphylococcus aureus), pneumonia in 2 patients (positive cultures for S. 

aureusaureus in 1 patient, who died), urinary tract infection in 1 patient and tuberculosis in 3 

patients.. In 3 patients, liver and/or splenic abscesses without positive cultures were found, 

11 patient was diagnosed for hepatocellular carcinoma, while in 3 patients no final 

diagnosiss was made (1 died). This group of 22 patients is further referred to as the group 

off  patients with diseases other than melioidosis. Median APACHE II score in the total 

patientt population was 13 (range 1-30). Detailed patient characteristics are shown in 

Tablee 2. 

Tablee 2. Clinical characteristics on admission in patients with clinically suspected melioidosis. 

Melioidosiss Disease other than 
.. . melioidosis 

Bloodd culture positive Blood culture negative 

Survivorss Non-survivors Survivors Non-survivors Survivors Non-survivors 
H31H31 ('6) (28) (2) (16) (6) 

Agee (years) 49(21-72) 41.5(18-76) 50(24-71) 44(32-56) 55.5(27-85) 42.5(16-62) 
Sex(M/F)) 5/13 7/9 23/5 0/2 6/10 2/4 

APACHEE II score 12.5(4-25) 19(7-30) 9(1-24) 14.5(9-20) 10.5(5-24) 18.5(11-22) 

Dataa are median (range) values. 

Granzymee concentrations on admission 

Plasmaa levels of GrA in healthy controls were 53.2 (range 42.7-95.0) pg/ml (Fig. 2). GrA 

levelss were significantly elevated in patients with bacteremic melioidosis (107.3 (39.1-

1472.0)) pg/ml) compared to controls (P < 0.001) and were higher in patients who died 

(142.66 (42.3-1472.0) pg/ml) then in patients who survived (107.3 (39.1-289.8) pg/ml), 

althoughh this difference was not significant. GrA concentrations were slightly increased 
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Figuree 2. Plasma concentrations of soluble granzymes on admission in patients with culture proven 
melioidosis,, in patients included under the clinical suspicion of melioidosis and in healthy controls. 
Horizontall lines represent median. Dotted lines represent the detection limits of the assays. P-values 
reflectt differences between groups by Mann-Whitney U test. 

inn patients with non-bacteremic melioidosis (77.7 (23.1-1854.0) pg/ml) compared to 

controlss (NS), but to a lesser extent compared to bacteremic melioidosis patients (P = 

0.0066 for difference between bacteremic and non-bacteremic patients). Levels of GrA 

weree also slightly increased in patients with diseases other than melioidosis (76.0 (11.6-

976.3)) pg/ml), but the difference compared to healthy controls was not significant. GrA 

levelss showed no correlation with APACHE II scores. 

Concentrationss of GrB in plasma of healthy controls were 19.3 (< 5.0-24.8) pg/ml. 

GrBB levels in bacteremic melioidosis patients (27.3 (<5.0-571.3) pg/ml) were elevated 

comparedd to controls (P < 0.01). GrB levels were similar in survivors and non-survivors. 

Concentrationss of GrB in patients with non-bacteremic melioidosis (13.6 (<5.0-628.9) 

pg/ml)) and in patients with diseases other than melioidosis (19.4 (<5.0-654.6) pg/ml) 

weree not elevated compared to controls. There was no correlation between GrB 

concentrationss and APACHE II scores. 

GrAA and GrB levels showed a positive correlation with each other both in patients 

withh culture-proven melioidosis (p = 0.46; P < 0.001) and in the total patient population 

(pp = 0.53; P < 0.001). 
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Granzymess during follow-up 
Patientss with culture-proven melioidosis were followed during 72 h antibiotic treatment 

withh either ceftazidime or imipenem. Since granzyme levels in patients with non-

bacteremicc melioidosis were not significantly elevated compared to controls, we 

concentratedd on patients with bacteremic melioidosis. The type of antibiotic treatment did 

nott influence plasma levels of granzymes (data not shown) and therefore, data from the 

twoo treatment groups were combined. Plasma levels of both GrA and GrB did not 

decreasee during antibiotic therapy, and remained elevated until the end of the 72-h study 

periodd (GrA: 107.1 (40.5-242.8) pg/ml and GrB: 24.6 (<5.0-135.8) pg/ml (Fig. 3). 
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Figuree 3. Plasma levels of soluble granzymes in patients with bacteremic melioidosis during 
antibioticc treatment. Horizontal lines represent median. Dotted lines represent the detection limits of 
thee assays. 

Wholee blood stimulation 
Melioidosiss is associated with elevated plasma levels of a number of proinflammatory 

cytokiness [16, 17]. To obtain insight into the role of endogenous cytokines in the release 

off soluble granzymes during melioidosis, we incubated whole blood with heat-killed B. 

pseudomalleipseudomallei (amount equivalent to 10 CFU/ml) in the presence or absence of 

neutralizingg mAbs against a number of cytokines which have been demonstrated to play a 

rolee in the pathogenesis of melioidosis and/or in the activation of CTL and NK cells, i.e. 

TNF,, IFN-y, IL-12, IL-18 and IL-15 [16-19]. Incubation of whole blood for 24 h without 

B.B. pseudomallei resulted in low levels of GrA (28  4 pg/ml), while GrB levels remained 

beloww the detection limit of the assay. Incubation with B. pseudomallei resulted in GrA 

releasee (1,037  242 pg/ml) and in remarkably high concentrations of GrB (16,395

5,7377 pg/ml). GrA and GrB release were already strong at 8 h after incubation, and 

furtherr increased until 24 h after incubation, indicating that GrA and GrB concentrations 

measuredd after 24 h are the result of both degranulation (early release) and secretion of 
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newlyy synthesized granzymes (subsequent release). Addition of mouse IgG did not 

influencee granzyme levels. Addition of mAbs against TNF, IL-12 or IL-18 resulted in a 

significantt decrease in both GrA and GrB secretion, which was most pronounced for anti-

IL-122 (Table 3). The combination of anti-IL-12 and anti-IL-18 resulted in a further 

decreasee of granzyme release. In contrast, addition of anti-IFN-y or anti-IL-15 did not 

significantlyy inhibit granzyme release. To confirm the neutralizing capacity of anti-IFN-y 

inn our experiments, we incubated whole blood with rhlFN-y (10 ng/ml) with or without 

anti-IFN-yy (10 ug/ml), and measured the production of IP-10 and Mig, two CXC 

chemokiness of which the production is strongly IFN-y dependent. In these experiments, 

thee anti-IFN-y mAb completely neutralized IFN-y activity, since the production of IP-10 

andd Mig induced by IFN-y added at comparable concentrations as found after whole 

bloodd stimulation with heat-killed B. pseudomallei [16], was totally blocked when anti-

IFN-yy was added (data not shown). Combination of anti-IL-12 and/or IL-18 with anti-

IFN-yy or IL-15 had no additional inhibitory effect on granzyme release (data not shown). 

Inn line with our observations in humans injected with LPS in vivo, incubation of whole 

bloodd with LPS also induced the secretion of granzymes. Similar to results obtained with 

heat-killedd B. pseudomallei, addition of anti-TNF or anti-IL-12 strongly attenuated the 

LPS-inducedd release of granzymes (GrA: % inhibition anti-TNF: 45.1 3 % and anti-

IL-12:: 73.3  8.2; GrB: % inhibition anti-TNF: 65.6  2.4 % and anti-IL-12: 72.1  6.6 

%;; all both P < 0.05), while anti-IFN-y had no effect. While anti-IL-18 modestly inhibited 

B.B. pseudomallei-mduced granzyme release, it did not influence granzyme release elicited 

byy LPS, either alone or in combination with anti-IL-12 (data not shown). 

Tablee 3. Effects of neutralizing mAbs against proinflammatory cytokines on granzyme A and B 
releasee during whole blood stimulation with heat-killed B. pseudomallei. 

GrAA GrB 
mAbb % inhibition % inhibition 

anti-TNFF 44.8 *  39.9 * 
anti-IL-122 60.0 *  51.9 * 
anti-IL-188 14.8 *  10.8 * 
anti-IFN-yy 5.5 9 4.2  7.9 
anti-IL-155 5.4 9 8.2  2.6 
anti-IL-122 + anti-IL-18 69.4  4.3 **  59.2  4.2 ** 

Dataa are mean  SE of 6 healthy donors and expressed as percentage inhibition relative to 
incubationn with heat-killed B. pseudomallei only. Whole blood, diluted 1:1 in RPMI, was 
stimulatedd for 24 h at 37°C with I07 CFU/ml heat-killed B. pseudomallei in the presence or absence 
off  neutralizing Abs against TNF, IL-12, IL-18, IFN-y or IL-15 (final concentration all 10 ug/ml). 
GrAA levels after stimulation with heat-killed B. pseudomallei only were 1,038  242 pg/ml, GrB 
levelss were 16,395  5,737 pg/ml. * P < 0.05 vs. control. * < 0.05 vs. anti-IL-12. 
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Too determine whether the induction of granzyme release is specific for B. pseudomallei or 

whetherr other bacteria also stimulate granzyme secretion, we compared the effect of heat-

killedd B. pseudomallei with other bacterial stimuli, i.e. heat-killed P. aeruginosa and E. 

colicoli (both gram-negative bacteria), Streptococcus pneumoniae and S. aureus (both gram-

positivee bacteria) (final concentration all 107 CFU/ml), and with LPS (the common cell-

walll  component of gram-negative bacteria) (10 ng/ml) during whole blood stimulation in 

vitro.. As shown in Table 4, all bacteria and LPS were potent inducers of both GrA and 

GrBB release. GrB levels were higher than GrA levels after stimulation with all stimuli. 

Tablee 4. Granzyme release during whole stimulation with different bacterial stimuli. 

Stimuluss GrA (pg/ml) GrB (pg/ml) 

Heat-killedd bacteria (107 CFU/ml) 

B.B. pseudomallei 
P.P. aeruginosa 
E.E. coli 
SS pneumoniae 
S.S. aureus 

LPSS (10 ng/ml) 

8122 9 
505  115 
9544 + 301 
933 3 

646  112 

4944  174 

11,3588 0 
7,3211  1,576 

13,4466 0 
1,0566 2 
7,2877  1,351 

4,2044  1,275 

Dataa are mean  SE of 6 healthy subjects. Whole blood, diluted 1:1 in RPMI, was stimulated for 24 
hh at 37°C with different heat-killed bacteria (final concentration 107 CFU/ml) or LPS (10 ng/ml). 
GrAA and GrB levels were below the detection limit when no bacteria or LPS were added. 

Discussion n 

Granzymess are released from cytoplasmic granules of CTL or NK cells upon stimulation, 

andd are delivered intracellularly into target cells, where they can activate pathways of 

apoptosis.. Also, granzymes can be released into the extracellular environment, and the 

concentrationss of these soluble granzymes are considered to reflect involvement of CL in 

variouss disease states. Elevated levels of soluble granzyme levels have previously been 

reportedd in patients with EBV or HIV-1 infection [10], and in patients during primary 

CMVV infection after renal transplantation [11]. In addition, in patients with rheumatoid 

arthritiss granzyme concentrations have been found elevated in plasma and synovial fluid 

[12].. The present study is the first to demonstrate that bacterial stimuli induce 

extracellularr release of granzymes. First, we measured levels of soluble granzymes in 

healthyy humans after a bolus intravenous injection of LPS, a component of the cell wall 

off  gram-negative bacteria, which induces a transient activation of host inflammatory 
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responsess as found during clinical sepsis [13]. Plasma concentrations of both GrA and 

GrBB are transiently elevated during human endotoxemia, peaking early after LPS 

administration,, which was associated with a decrease in the number of CTL and NK cells 

inn the circulation. These data suggest that LPS administration induces activation of CL in 

vivo,, resulting in a quick release of granzymes, which is most likely the result of 

degranulationn of cytoplasmic granules. To determine whether granzymes are also elevated 

duringg clinical bacterial infection in humans, we measured soluble granzymes in patients 

withh melioidosis, a severe infection caused by the gram-negative bacillus B. pseudomallei 

[14].. Melioidosis is an important cause of illness and death in parts of Southeast Asia, and 

thee clinical presentation varies from mild localized disease to acute fulminant septicemia. 

Wee found that in patients with bacteremic infection, levels of both GrA and GrB were 

elevatedd compared to healthy controls, while they were not increased in patients with 

localizedd melioidosis or in patients with diseases other than melioidosis, suggesting that 

inn particular bacteria circulating in the blood stream are potent inducers of granzyme 

release. . 
Previously,, markedly elevated plasma concentrations of a number of cytokines, 

includingg TNF, IL-12, IL-18 and IFN-y, were found in patients with melioidosis. These 

weree correlated with the severity of disease and remained elevated for prolonged periods 

[16,, 17]. As these cytokines can influence CL functions [2, 18, 19], we wished to 

determinee their role in granzyme release during whole blood stimulation with heat-killed 

B.B. pseudomallei or LPS. Neutralization of TNF, IL-12 and/or IL-18 resulted in a 

significantt decrease in B. pseudomallei-induced granzyme release, while in LPS-

stimulatedd blood only anti-TNF and anti-IL-12 reduced granzyme concentrations. The 

importantt role of IL-12 in granzyme secretion induced by bacterial stimuli is in line with 

ourr earlier study demonstrating increases in GrA and GrB plasma concentrations in 

chimpanzeess intravenously injected with rhIL-12 [20]. IL-12 and IL-18 are both potent 

inducerss of IFN-y production, and many biological effects of IL-12 and IL-18 are 

consideredd to be mediated by IFN-y [18, 19]. Anti-IFN-y did not influence granzyme 

releasee induced by either heat-killed B. pseudomallei or LPS, which indicates that the 

effectt of IL-12 and IL-18 on granzyme release is mediated through an IFN-y-independent 

pathway.. This is in line with previous studies which have reported that IL-12 and IL-18 

cann have antitumor effects independent from IFN-y [21, 22]. In addition, IL-12 can still 

inducee an inflammatory response in IFN-y receptor knock-out mice [23]. Since IL-12 and 

IL-188 have synergistic effects on IFN-y production [24], we studied whether they may 

havee synergistic effects on granzyme release. In whole blood stimulation in vitro, the 

combinationn of anti-IL-12 and anti-IL-18 did not result in an additional decrease in B. 

pseudomalleipseudomallei or LPS-induced granzyme release compared to addition of anti-IL-12 or 

anti-IL-188 alone. Our finding that anti-IL-18 failed to affect LPS-induced granzyme 
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releasee maybe the result of the relatively low levels of IL-18 found after LPS stimulation 

comparedd with B. pseudomallei stimulation [16, 25]. These data indicate that TNF and 

IL-12,, and to a lesser effect IL-18, play a role in the activation of CL and subsequent 

releasee of granzymes after bacterial stimulation. The release of granzymes in vitro was 

nott a unique property of B. pseudomallei, since stimulation with other bacteria, both 

gram-negativee and positive, also induced high concentrations of granzymes. Interestingly, 

secretedd GrA has been shown to induce the production of TNF, IL-6 and IL-8 from 

fibroblastt and epithelial cell lines, and from human monocytes in vitro, and GrA can 

enhancee the phagocytic capacity of human monocytes [26, 27]. Together, these data 

suggestt that cytokines and granzymes can be reciprocally stimulatory during bacterial 

infectionn and inflammation, and that granzymes may have an additional 

immunoregulatoryy role besides their role in cell-mediated immunity. 

Inn the present study, we demonstrate that activation of CTL and NK during 

experimentall  endotoxemia and gram-negative bacterial infection in humans results in the 

releasee of soluble granzymes. Several bacterial stimuli were found to induce the release of 

granzymess in whole blood in vitro, which was largely mediated by TNF and IL-12. 

Previouss in vitro studies have indicated that granzymes can stimulate the production of 

cytokines.. Therefore, the interaction between the cytokine network and granzymes may 

playy an important role in the early immune response to bacterial infection. 
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Abstract t 

IL-100 is considered a potent anti-inflammatory cytokine, that strongly inhibits the 

productionn of proinflammatory cytokines. Recent studies have suggested that IL-10 also 

hass immunostimulatory properties on CD4+, CD8+ T cells and/or NK cells, resulting in 

increasedd IFN-y production. To determine the effect of IL-10 on IFN-y production and 

relatedd inflammatory responses in humans, 16 healthy subjects received a bolus i.v. 

injectionn of LPS (4 ng/kg) in combination with either placebo or recombinant human IL-10 

(255 ug/kg), administered just prior to or 1 h after LPS. IL-10 treatment, particularly when 

administeredd after LPS, enhanced LPS-induced IFN-y release, as well as the release of the 

IFN-y-dependentt chemokines IFN-y-inducible protein-10 and monokine induced by IFN-y, 

whilee inhibiting or not influencing the production of IFN-y-inducing cytokines. In addition, 

IL-100 treatment enhanced activation of CTL's and NK cells after LPS injection, as reflected 

byy increased levels of soluble granzymes. These data indicate that high dose IL-10 

treatmentt in patients with inflammatory disorders can be associated with undesired 

proinflammatoryy effects. 
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Introduction n 

IL-100 is a non-covalently linked homodimeric cytokine that is produced by a large variety 

off  cells including monocytes/macrophages, B and T lymphocytes, and NK cells (1,2). IL-

100 has many anti-inflammatory and immunosuppressive activities. In vitro, IL-10 

downregulatess monocyte macrophage effector functions including antigen-presenting 

capacityy and the production of cytokines such as TNF, IL-lp , IL-6, IL-8 and IL-12 (3, 4). 

IL-100 also inhibits T cell proliferation and cytokine production (5). In mice, IL-10 protects 

againstt lethality during endotoxemia and staphylococcal enterotoxin B (SEB)-induced 

shockk (6-8). In addition, IL-10 treatment inhibits the activation of the cytokine network 

duringg experimental endotoxemia in primates (9) and humans (10). 

Recently,, it has been suggested that IL-10 has immunostimulatory properties. In vitro, 

IL-100 stimulates proliferation and differentiation of activated human B cells (11), and 

preincubationn of resting CD4+ lymphocytes with IL-10 enhances their capacity to produce 

cytokiness after activation (12). Moreover, IL-10 enhances IL-2-driven proliferation of 

preactivatedd human purified CD8+ T cells (13). Addition of IL-10 to mouse splenic NK 

celll  cultures stimulated with IL-12 and IL-18 results in enhanced IFN-y production (14). In 

mice,, IL-10 injections accelerated graft-versus-host disease and graft rejection in bone 

marroww recipients, probably mediated by augmented IFN-y production by T cells (15). 

Thesee data indicate that under certain conditions, IL-10 can have stimulatory effects on 

CD4+,, CD 8+ T cells and/or NK cells, which may result in increased IFN-y production. 

Knowledgee of potential proinflammatory effects of IL-10 in humans in vivo is highly 

limited.. Such knowledge is important, since IL-10 has been advocated as a new treatment 

modalityy for several diseases, including Crohn's disease and rheumatoid arthritis (16, 17). 

Therefore,, we studied the effect of IL-10 on IFN-y production and related inflammatory 

responsess during human endotoxemia, a well accepted model of systemic inflammation in 

humans. . 

Materialss and methods 

Studyy design 
Thiss study was performed simultaneously with investigations on the effects of recombinant 

humann (rh)IL-lO on cytokine production, leukocytes and the hemostatic mechanism, the 

resultss of which have been reported elsewhere (10, 18). A total of 16 healthy volunteers 

(meann 23, range 20-35 years) participated in a double-blind, cross-over, randomized, 

placebo-controlledd study. Written informed consent was obtained from all study 
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participants.. The study was approved by the research and ethical committees of the 

Academicc Medical Center. Medical history, physical and routine laboratory examination, 

chestt X-ray and electrocardiogram of all volunteers were normal. Each volunteer was 

studiedd on 2 occasions after endotoxin (LPS) injection, separated by a wash-out period of 6 

weeks;; on one occasion in combination with placebo, on the other occasion in combination 

withh rhIL-10. The participants were randomized into 2 groups of 8 persons. Group 1 

receivedd placebo or rhIL-10 treatment 2 minutes prior to LPS, group 2 received placebo or 

rhIL-100 1 hour after LPS administration. 

RhIL-100 (Schering-Plough Research Institute, Kenilworth, NJ) was supplied as a sterile 

powder,, and reconstituted with sterile water. RhIL-10 was administered by intravenous 

injectionn at a dose of 25 ug/kg. The reconstituted placebo powder was identical in 

appearancee and was administered in an identical manner. The LPS preparation, LPS 

referencee standard lot G, E. coli (United States Pharmacopeia Convention Inc., Rockville, 

MD)) was administered at a dose of 4 ng/kg over 1 minute in an ante-cubital vein, 

contralaterall  to the site of rhIL-10. 

Bloodd samples were drawn directly before LPS injection and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 

88 and 12 h thereafter. Blood was collected in non-additive vacutainer tubes (Becton 

Dickinson,, Mountain View, CA); after clotting samples were centrifuged at 2000 x g for 20 

minutess at room temperature and serum was stored at -70°C until assays were performed. 

Wholee blood stimulation 
Inn separate experiments, whole blood was collected aseptically from 6 healthy donors using 

aa sterile collecting system consisting of a butterfly needle connected to a syringe (Becton 

Dickinsonn & Co, Rutherford, NJ). Anticoagulation was obtained using LPS-free heparin 

(Leoo Pharmaceutical Products, Weesp, the Netherlands; final concentration 10 U/ml blood). 

Wholee blood, diluted 1:1 in pyrogen-free RPMI 1640 (Bio Whittaker, Verviers, Belgium), 

wass stimulated for 24 h at 37°C with LPS (final concentration 10 ng/ml; from E. coli 

serotypee 0111:B4; Sigma, St. Louis, MO) in the presence or absence of increasing 

concentrationss of rhIL-10 (0.01 - 1000 ng/ml; Schering-Plough). In addition, the effect of 

IL-100 on LPS-induced IFN-y production was studied in the presence or absence of an anti-

IL-122 and/or anti-IL-18 mAb (both mouse IgG, R&D Systems, Abingdon, United Kingdom; 

finalfinal concentration both 10 ug/ml). The concentrations of mAbs represent at least an 1-2 log-

unitt excess neutralizing capacity over IL-12 and IL-18 concentrations detected after stimulation 

withh LPS (information on the neutralizing capacities of the mAbs used provided by the 

manufacturer).. Control mouse IgG (R&D Systems) was used in the appropriate concentrations. 

Inn separate experiments, IL-10 (10 ng/ml) was added at 0.5, 1, 2 or 4 h after the addition of 

LPSS to whole blood. The effect of IL-10 on IFN-y production was also studied during 

wholee blood stimulation with anti-CD3/anti-CD28 (1:1000; Central Laboratory of the 
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Netherlandss Red Cross Blood Transfusion Service (CLB), Amsterdam, the Netherlands), 

thee superantigen Staphylococcal Enterotoxin B (SEB) (1 ug/ml; Sigma, St. Louis, MO) or 

PHAA (5 ug/ml; HA 16, Murex Diagnostics Ltd., Dartford, UK). After the incubation, 

supernatantt was obtained after centrifugation and stored at -20°C until assays were performed. 

Assays s 
Al ll  measurements were done in duplicate using specific enzyme-linked immunosorbent 

assayss (ELISA's). Serum levels of IL-12p70 and IL-12p40 were measured as described 

previouslyy (19). In short, IL-12 p70 was measured using anti-IL12 p70 mAb 20C2 as coating 

antibody,, biotinylated anti-IL-12 p40 mAb C8.6 as detecting antibody, and rhIL-12 as standard 

(detectionn limit 6 pg/ml). IL-12p40 was measured identically to the IL-12p70 ELISA using 

anti-IL-12p400 mAb CI 1.79 as coating antibody (detection limit 54 pg/ml). The IL-12p40 

ELISAA recognizes the total amount of p40, i.e. complexed as IL-12 heterodimer or as p40 

mono-- or homodimer. 20C2 was kindly provided by Dr. M.K.Gately (Hoffmann La Roche 

Inc,, Nutley, NJ); C8.6 and CI 1.79 were kindly donated by Dr. G. Trinchieri (The Wistar 

Institute,, Philadelphia, PA). IL-18 was measured as described previously (Fujisaki Institute, 

Okayama,, Japan; detection limit 10 pg/ml) (20). IFN-y (CLB; detection limit 2.4 pg/ml), IL-

155 and IFN-y-inducible protein-10 (IP-10) (both R&D; 8.2 and 20 pg/ml respectively), and 

monokinee induced by IFN-y (Mig) (PharMingen, San Diego, CA; 8.2 pg/ml) were 

measuredd according to the instructions of the manufacturer. Levels of soluble granzyme A 

(GrA)) and GrB were measured by specific ELISA's exactly as described previously (21). 

Statisticall analysis 
Alll  data are expressed as mean  SE. Changes in time were analyzed by one-way ANOVA 

(P-valuee vs. time). Differences between the placebo and the rhIL-10 treatment groups were 

analyzedd by cross-over ANOVA for repeated measures (P-value vs. placebo). Data of the in 

vitroo experiments were analyzed by Wilcoxon test. P < 0.05 was considered to represent a 

significantt difference. 

Results s 

Effectt of IL-10 on serum levels of IFN-y and IFN-y-inducing cytokines 
Administrationn of LPS induced a transient elevation of IFN-y serum concentrations peaking 
afterr 4-5 h (4.8  1.0 pg/ml in group 1, 12.8  7.8 pg/ml in group 2; both P < 0.05 vs. time) 
(Fig.. 1). Remarkably, IL-10 administration enhanced the release of IFN-y, which was more 
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pronouncedd for IL-10 posttreatment, resulting in peak levels of 14.4  3.6 pg/ml (group 1) 

andd 28.5  7.4 pg/ml (group 2) (both P <0.OOl vs. placebo). 

IL-100 pretreatment IL-100 posttreatment 
IL-10 0 

P << 0.001 

Figuree 1. IL-10 
treatmentt enhances 
IFN-yy release during 
humann endotoxemia, 
whilee reducing IL-
12p400 concentrations. 
Placeboo or rhIL-10 (25 
ug/kg,, i.v.) was 
administeredd just prior 
too (pretreatment) or I h 
afterr (posttreatment) 
LPSS challenge (4 
ng/kg,, i.v.). Data are 
meann  SE of 8 
volunteerss in each 
treatmentt group. P-
valuee indicates the 
differencee between 
treatmentt groups. 

Thee production of IFN-y is regulated by a coordinated action of a number of monocyte/ 

macrophagee derived cytokines (22). IL-12 is a potent inducer of IFN-y production, while 

IL-188 synergistically enhances IL-12 effects on IFN-y synthesis (23-25). In addition, IL-15 

andd TNF have been identified as co-stimuli for optimal IFN-y production (26, 27). Having 

establishedd that IL-10 enhances LPS-induced IFN-y release in vivo, we next determined the 

effectt of IL-10 on IFN-y-inducing cytokines. 

IL-12p700 levels remained undetectable after LPS administration in all but two 

volunteers.. Neither IL-10 pretreatment nor IL-10 posttreatment influenced IL-12p70 levels 

(dataa not shown). LPS injection resulted in a transient increase in IL-12p40 concentrations 

peakingg at 3 h after LPS injection (group 1:1.53  0.35 ng/ml, group 2: 1.47  0.23 ng/ml; 

bothh P < 0.001 vs. time) (Fig. 1). IL-10 pre-treatment completely prevented the LPS-

inducedd increase of IL-12p40 levels (P < 0.001 vs. placebo), while IL-10 posttreatment 

onlyy partly reduced peak levels of IL-12p40 (0.83  0.13 ng/ml; NS). Serum concentrations 

off  IL-18 were detectable prior to LPS injection (group 1: 290  68 pg/ml, group2: 234  45 

pg/ml).. Administration of LPS did not result in changes in IL-18 levels in either group (data 

nott shown). Also, IL-10 treatment did not influence IL-18 concentrations. IL-15 levels were 
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nott detectable before LPS administration, and remained undetectable after LPS injection 

withh or without IL-10 treatment. As reported previously, IL-10 pretreatment, but not 

posttreatment,, inhibited LPS-induced TNF release (10). Hence, the stimulatory effect of IL-

100 on IFN-y release was not associated with a detectable increase in IFN-y-inducing 

cytokines. . 

IL-100 pretreatment IL-100 posttreatment 

timee (h) 

Figuree 2. Effect of IL-
100 treatment on serum 
levelss of the CXC 
chemokiness IP-10 and 
Mig.. LPS was 
administeredd in 
combinationn with 
placeboo or IL-10 just 
priorr to (pretreatment) 
orr 1 h after 
(posttreatment)) LPS. 
Dataa are mean  SE of 
88 volunteers in each 
treatmentt group. P-
valuee indicates the 
differencee between 
treatmentt groups. 

Effectt of IL-10 on levels of the IFN-y-dependent chemokines IP-10 and Mig 
Too determine whether the IL-10-induced increase in IFN-y levels also resulted in increased 

IFN-yy activity, we measured serum concentrations of IP-10 and Mig, CXC chemokines of 

whichh the production is largely IFN-y dependent (28). LPS injection caused a transient 

increasee in IP-10 peaking after 5 h (group 1: 3.47  0.88 ng/ml, group 2: 3.23  0.70 ng/ml; 

bothh P < 0.001 vs. time) (Fig. 2). While IL-10 pretreatment did not affect IP-10 levels, IL-

100 posttreatment resulted in enhanced IP-10 release with peak levels of 4.77 9 ng/ml 

(PP < 0.001 vs. placebo). LPS administration caused increased levels of Mig, which 

remainedd elevated until the end of the study period (12 h: group 1: 2.23  0.41 ng/ml, group 

2:: 2.36  0.58 ng/ml; both P < 0.001 vs. time). IL-10 pretreatment reduced the early 

increasee in Mig levels between 4-6 h after LPS injection (P < 0.05 vs. placebo), while 

levelss at 12 h were not different. In contrast, IL-10 posttreatment resulted in increased 

levelss of Mig from 6 h until the end of the 12-h study period (4.45  0.74 ng/ml; P < 0.05 

vs.. placebo). 
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Figuree 3. IL-10 
treatmentt enhances 
serumm levels of 
granzymee A and B 
duringg human 
endotoxemia.. LPS was 
administeredd in 
combinationn with 
placeboo or rhIL-10 just 
priorr to (pretreatment) 
orr 1 h after 
(posttreatment)) LPS. 
Dataa are mean  SE of 
88 volunteers in each 
treatmentt group. P-
valuee indicates the 
differencee between 
treatmentt groups. 

Effectt of IL-10 on levels of soluble granzymes 

Wee also studied whether IL-10 treatment was associated with activation of CD8+ CTL's 

and/orr NK cells, as has been suggested in previous in vitro studies (13, 14). Therefore, we 

measuredd serum levels of granzymes, proteins that are released from granules of activated 

CTLL and NK cells (29). LPS injection induced a transient increase in serum levels of GrA, 

peakingg after 1.5-3 h (groupl: 30.1  4.2 pg/ml, group 2: 26.2  5.3 pg/ml; both P < 0.05 

vs.. time) (Fig. 3). IL-10 pretreatment did not influence the early rise in GrA levels, but 

resultedd in increased levels of GrA from 6 h after LPS until the end of the 12-h study period 

(PP < 0.001 vs. placebo). IL-10 posttreatment slightly delayed and increased peak levels of 

GrAA (28.2  2.5 pg/ml), and levels remained elevated until the end of the study period (P < 

0.011 vs. placebo). 

GrBB levels did not show a significant increase after LPS administration. However, both 

IL-100 pre- and posttreatment caused a strong increase in GrB levels, peaking after 4-6 h 

(groupp 1: 34.8 4 pg/ml, group 2: 51.1  14.2 pg/ml; both P < 0.05 vs. placebo). 

Effectt of IL-10 on LPS-induced production of IFN-y and IFN-y-inducing cytokines in 
vitro o 

Inn an attempt to study the mechanisms involved in IL-10-induced enhancement of IFN-y 

production,, we determined the effect of IL-10 during whole blood stimulations with LPS, 
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ann in vitro system that is considered to most closely resemble the in vivo situation, leaving 

interactionss between different cell populations and serum factors intact (30). Incubation of 

wholee blood for 24 h without stimulus did not result in detectable levels of IFN-y, IL-12p70 

orr IL-15, while low levels of IL-18 (35.2  5.0 pg/ml) were measured. Incubation with IL -

100 alone did not change these levels (data not shown). LPS stimulated the production of 

IFN-yy (14-9  4.2 ng/ml), IL-12p70 (38.1  13.2 pg/ml) and IL-18 (80.8  7.7 pg/ml) (all P 

<< 0.05 vs. incubation without LPS), while IL-15 remained undetectable. Addition of IL-10 

resultedd in a strong dose-dependent inhibition of LPS-induced IFN-y release (IL-10 1 

ng/ml:: 2.8  0.4 % of IFN-y levels measured after incubation without IL-10; P < 0.05) (Fig. 

4A).. In addition, IL-10 inhibited the production of IL-12p70 and IL-18 with similar potency 

(bothh P< 0.05) (Fig. 4A). 

FN-Y Y 

IL-12p70 0 
IL-18 8 

Figuree 4. IL-10 inhibits IFN-y release in 
wholee blood in vitro, which is mediated in 
partt by the inhibitory effect of IL-10 on IL-12 
andd IL-18. Human whole blood was 
incubatedd for 24 h at 37°C with LPS in the 
presencee or absence of IL-10, anti-IL-12 
and/orr anti-IL-18. Data are mean  SE of 6 
donors.. A. IL-10 dose-dependently inhibits 
thee production of IFN-y, IL-12p70 and IL-18 
duringg whole blood stimulation with LPS (10 

ng/ml).. Data are expressed relative to incubation with LPS only (= 100 %). * P < 0.05 vs. incubation 
withh LPS only. B. Addition of an anti-IL-12 mAb and/or an anti-IL-18 mAb (both 10 ug/ml) reduces 
LPS-inducedd IFN-y production. Data are expressed relative to incubation with LPS only (= 100%). * 
PP < 0.05 vs. incubation with LPS only. * P < 0.05 vs. LPS + anti-IL-12 and vs. LPS + anti-IL-18. C. 
IL-100 (1 ng/ml) inhibits LPS-induced IFN-y production in the presence or absence of anti-IL-12 
and/orr anti-IL-18. Data are expressed relative to incubation without IL-10 (= 100 %) (i.e. LPS + IL-
100 relative to LPS alone; LPS + anti-IL-12 and/or anti-IL-18 + IL-10 relative to LPS + anti-IL-12 
and/orr anti-IL-18). * P < 0.05 vs. incubation without IL-10. * P < 0.05 vs. incubation with LPS + IL-
10.. f P < 0.05 vs. LPS + anti-IL-12 + IL-10. 
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Inn the in vivo experiments, the enhancement of IFN-y release occurred in the absence of 

detectablee changes in IL-12p70 and IL-18 levels. In whole blood in vitro, the IL-10-induced 

reductionn in IL-12p70 and IL-18 concentrations, which is expected to result in a strong 

inhibitionn of IFN-y release, could have masked a more direct stimulating effect of IL-10 on 

IFN-yy production. Therefore, we were interested to determine the effect of IL-10 on IFN-y 

productionn in whole blood in the absence of IL-12 and/or IL-18 activity. For this purpose, 

wee performed whole blood stimulations with LPS and IL-10 in the presence or absence of 

ann anti-IL-12 mAb and/or an anti-IL-18 mAb. While addition of a control Ab did not have 

anyy effect, addition of anti-IL-12 or anti-IL-18 resulted in a strong inhibition of IFN-y 

release,, which was most pronounced for anti-IL-12 (Fig. 4B; both P < 0.05). The 

combinationn of anti-IL-12 and anti-IL-18 resulted in an additional inhibitory effect (P < 

0.055 vs. anti-IL-12 only). In the presence of anti-IL-12 or anti-IL-18, IL-10 still inhibited 

LPS-inducedd IFN-y production, although this inhibition was significantly less in the 

presencee of anti-IL-12 (Fig. 4C). The inhibitory effect of IL-10 was further reduced when 

bothh anti-IL-12 and anti-IL-18 were added (P < 0.05). 

Sincee posttreatment with IL-10 during human endotoxemia resulted in a stronger 

enhancementt of IFN-y release, we also studied the effect of IL-10 added at different 

timepointss after the start of incubation of whole blood with LPS. Addition of IL-10 at 0.5, 

1,, 2 or 4 h after LPS still potently inhibited IFN-y production, although this effect was less 

strongg when IL-10 was added 4 h after LPS (data not shown). The inhibitory effect of IL-10 

inn vitro was not specific for LPS-induced IFN-y production since IL-10 also inhibited anti-

CD3/anti-CD28,, SEB- or PHA-stimulated IFN-y release (data not shown). 

Discussion n 

Althoughh IL-10 is considered a potent anti-inflammatory cytokine, recent studies have 

suggestedd that IL-10 also possesses immunostimulatory effects. The present study is the 

firstt to demonstrate that IL-10 exerts proinflammatory effects in humans in vivo. IL-10 

treatment,, especially when administered 1 h after LPS injection, potentiated LPS-induced 

IFN-yy release, which was associated with elevated levels of the IFN-y-dependent 

chemokiness IP-10 and Mig. The stimulatory effect of IL-10 on IFN-y release was not 

associatedd with a detectable increase in IFN-y-indue ing cytokines. In addition, IL-10 

treatmentt enhanced activation of CTL and NK cells after LPS injection as reflected by 

elevatedd levels of soluble GrA and GrB. The stimulatory effect of IL-10 on LPS-induced 

IFN-yy release could not be reproduced in whole blood in vitro, in which IL-10 dose-

dependentlyy reduced IFN-y production at least in part by inhibiting the synthesis of IL-12 
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andd IL-18. These data indicate that high dose IL-10 therapy in patients with inflammatory 

disorderss can be associated with undesired proinflammatory effects in vivo. 

IL-100 is a potent inhibitor of the production of proinflammatory cytokines including 

TNF,, IL-la, IL-lp , IL-6 and IL-8 (1, 4, 9, 10). We here demonstrate that IL-10 stimulates 

thee production of the pro-inflammatory cytokine IFN-y during human endotoxemia. IFN-y 

iss mainly produced by CD4+ Thl cells, CD8+ T cells and NK cells (22). IL-12 and IL-18 

positivelyy regulate IFN-y production (23, 24). IL-12 is the most potent inducer of IFN-y 

synthesis,, while IL-18 synergistically enhances the IL-12 effect (25, 31). IL-12 is a 

heterodimericc cytokine consisting of a p35 and a p40 subunit (23). Upon stimulation, IL -

12p400 is found in large excess over the biologically active IL-12p70 heterodimer. In our 

study,, IL-12p70 levels remained undetectable after LPS injection while IL-12p40 

concentrationss transiently increased. Conceivably, LPS induces a rise in circulating IL-

12p700 levels only when higher doses are administered. Indeed, during severe Gram-

negativee bacteremia in baboons, the plasma concentrations of both IL-12p70 and IL-12p40 

increase,, albeit the former to a lesser extent (32). In mice, IL-12p40 immunoreactivity 

detectedd after LPS injection comprises both p40 monomers and p40 homodimers, the latter 

compromisingg 20-40 % of the total p40 produced (33). To our knowledge, it has not been 

demonstratedd that human IL-12p40 homodimers can be detected during human 

endotoxemia.. On human T cell lines, IL-12p40 homodimers have been found to inhibit 

bindingg of IL-12 without mediating biological activity (34). It has been found that murine 

IL-12p400 homodimers can function as IL-12 receptor antagonists (33, 35), but may have 

immunostimulatoryy effects on CD8+ cells, resulting in IFN-y production (36). Since IL-10 

stronglyy reduced LPS-induced IL-12p40 release, it is not likely that the positive effect of 

IL-100 on IFN-y secretion was mediated by an effect on IL-12p40 production. Similarly, 

sincee IL-18 concentrations remained unchanged in all subjects, IL-10 effects on IL-18 

productionn likely did not play a role. Other cytokines implicated in IFN-y production either 

remainedd undetectable (IL-15) or were inhibited (TNF) by IL-10 (the present study and 

(10)).. Together, these data suggest that the stimulatory effect of IL-10 on IFN-y production 

inn vivo, is mediated by other pathways or a direct effect of IL-10 on IFN-y producing cells. 

Resultss from our study are in contrast with data found in previous studies in which 

humann volunteers were injected with increasing doses (1, 10 or 25 ug/kg) of recombinant 

humann IL-10 (37, 38). PBMCs, isolated at 3 h and 6 h after IL-10 administration at a dose 

off  10 or 25 ug/kg, produced less IFN-y during in vitro stimulation with PHA and PMA 

comparedd to PBMCs isolated from volunteers receiving placebo (38). However, the 

inhibitoryy effect was stronger when IL-10 was administered at a dose of 10 (ig/kg, 

indicatingg that high dose IL-10 may not only be associated with anti-inflammatory effects. 

Inn this study, PHA and PMA were used as stimuli, which leads to T cell stimulation, while 

wee used LPS as a stimulus, which targets monocytes/macrophages. Since IFN-y is produced 
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byy T and NK cells, and LPS has no direct effect on these cells, it could be expected that 

otherr stimuli could result in a similar stimulating effect. However, it seems likely that 

primingg of T and NK cells, either through direct or indirect stimulation, is needed for an 

immunostimulatoryy effect of IL-10 administration in vivo. 

Previouss in vitro studies have demonstrated that IL-10 can have a direct stimulatory 

effectt on activated CD8+ T cells and NK cells. IL-10 enhances IL-2-stimulated 

proliferationn of purified human CD8+ cells (13). Addition of IL-10 to mouse NK cells 

enhancess IFN-y production when they are stimulated with IL-12 and IL-18 (14). A recent 

studyy showed that IL-10 enhanced the capacity of IL-18 to stimulate IFN-y production, 

cytotoxicityy and proliferation of murine NK cells (39). Also, in transgenic mice expressing 

humann IL-10, tumor cell growth was importantly inhibited compared to tumor growth in 

nontransgenicc controls, an effect which was mediated in part by IL-10-activated CD8+ T 

cellss (40). To determine whether IL-10 treatment during endotoxemia involves increased 

activationn of CD8+ T cells and NK cells in vivo, we measured concentrations of GrA and 

GrB.. Granzymes are a family of serine proteinases present in cytoplasmic granules of CTL 

andd NK cells (29, 41), that are released upon activation and can trigger pathways of 

apoptosiss in the target cells (29, 42). Measurements of levels of soluble granzymes is 

consideredd to reflect the involvement of CTL and NK cells in various diseases states, and 

increasedd plasma levels of soluble granzymes have been found in patients with reumatoid 

arthritis,, EBV or HIV-1 infection, and during primary cytomegalovirus infection (21, 43). 

Levelss of GrA and GrB were modestly elevated after LPS administration, but IL-10 

treatmentt induced a significant increase in levels of both GrA and GrB. These data suggest 

thatt IL-10 treatment results in enhanced activation of cytotoxic lymphocytes leading to 

increasedd IFN-y production. 

Thee increase in IFN-y levels after IL-10 posttreatment was accompanied by enhanced 

releasee of IP-10 and Mig, both members of the CXC chemokine family. In vitro, IP-10 and 

Migg are produced by a variety of cells in response to IFN-y (28). IP-10 and Mig are closely 

relatedd and share a common receptor, CXCR3, which is preferentially expressed on 

activatedd Thl cells. IP-10 and Mig are potent chemoattractants for activated T cells and 

herebyy play an important role in inflammatory processes. We here report that levels of IP-

100 and Mig increase during human endotoxemia, indicating that these chemokines may 

playy a role during systemic infection. IP-10 concentrations peaked early, while levels of 

Migg remained elevated until the end of the study period, indicating that these proteins are 

differentiallyy regulated. While IL-10 pretreatment had no effect on IP-10 levels and 

inhibitedd the early increase of Mig, IL-10 posttreatment enhanced both IP-10 and Mig. 

Sincee only IL-10 posttreatment increased IP-10 and Mig levels, while IFN-y was also 

increasedd with IL-10 pretreatment, these data suggest that in vivo, besides IFN-y, other 

factorss are involved in IP-10 and Mig production. In vitro, TNF has been shown to be a co-
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stimuluss for IFN-y-induced IP-10 and Mig production (44). Previously, we have reported 

thatt only pretreatment with IL-10 inhibited TNF production during human endotoxemia 

(10),, suggesting that IL-10 posttreatment was more effective in stimulating IP-10 and Mig 

productionn due to enhancement of IFN-y release in the absence of a concurrent reduction in 

TNFF concentrations. 

Thee IL-10-induced enhancement of IFN-y release in vivo could not be reproduced 

duringg human whole blood stimulation with LPS in vitro. In this culture system, IL-10 

inducedd a strong dose-dependent inhibition of IFN-y production, which was associated with 

aa concurrent reduction in IL-12 and IL-18 concentrations. These findings confirm and 

extentt a previous study in which IL-10 was reported to attenuate IFN-y and IL-12 

productionn by LPS stimulated PBMC's (45). Since we considered it possible that IFN-y 

releasee after low dose LPS administration to humans occurs at least in part independently 

fromm IL-12 and IL-18 (i.e. circulating concentrations of IL-12p70 and IL-18 remained 

undetectablee and unchanged respectively), we also evaluated the effect of IL-10 on LPS-

inducedd IFN-y release in whole blood in vitro in the absence of IL-12 and IL-18 activity. 

However,, in the presence of anti-IL-12 and/or anti-IL-18, IL-10 still inhibited LPS-induced 

IFN-yy production, although to a lesser extent, indicating that IL-10 inhibits IFN-y release in 

vitroo in part through inhibition of IFN-y-inducing cytokines. Hence, the effects found of IL-

100 on IFN-y production in vivo likely involve cell populations or mediators, which are not 

presentt or present in low quantities in peripheral blood. 

IL-100 is evaluated as a new adjuvant therapy for several inflammatory diseases (16, 

17).. Treatment of Crohn's disease with IL-10 has been found to be associated with a bell-

shapedd dose-response curve (46). At a dose of 5-10 ug/kg s.c, IL-10 has been reported to 

inducee clinical remissions, but at higher dose IL-10 (20 ug/kg) the beneficial effects are 

lost.. In the present study we demonstrate that IL-10 used at a dose of 25 ug/kg, particularly 

whenn administered shortly after an inflammatory stimulus, has proinflammatory effects in 

humanss in vivo. Therefore, these data indicate that the potential IFN-y enhancing effect of 

IL-100 may especially warrant caution for the use of high dose IL-10 therapy for Thl 

mediatedd illnesses like Crohn's disease and rheumatoid arthritis. 

Aknowledgements s 
Thiss study was financially supported by Schering-Plough. 

177 7 



ChapterChapter 13 

References s 

1.. Moore. K. W., A. O'Garra, R. de Waal Malefyt, P. Vieira, and T. R. Mosmann. 1993. Interleukin-10. 

Annu.Annu. Rev. Immunol. 11:165. 

2.2. Howard, M., and A. O'Garra. 1992. Biological properties of IL-10. Immunol. Today 13:198. 

3.. de Waal Malefyt, R., J. Haanen, H. Spits, M. G. Roncarolo, A. te Velde, C. Figdor, K. Johnson, R. 

Kastelein,, H. Yssel, and J. E. de Vries. 1991. Interleukin 10 (IL-10) and viral IL-10 strongly reduce 

antigen-specificc human T cell proliferation by diminishing the antigen-presenting capacity of monocytes 

viaa downregulation of class II major histocompatibility complex expression. J. Exp. Med. 174:915. 

4.. de Waal Malefyt, R., J. Abrams, B. Bennett, C. G. Figdor, and J. E. de Vries. 1991. Interleukin 10 (IL-10) 

inhibitss cytokine synthesis by human monocytes: an autoregulatory role of IL-10 produced by monocytes. 

J.J. Exp. Med. 174:1209. 

5.. de Waal Malefyt, R„  H. Yssel, and J. E. de Vries. 1993. Direct effects of IL-10 on subsets of human 

CD4++ T cell clones and resting T cells. Specific inhibition of 1L-2 production and proliferation. J. 

Immunol.Immunol. 150:4754. 

6.. Gerard, C, C. Bruyns, A. Marchant, D. Abramowicz, P. Vandenabeele, A. Delvaux, W. Fiers, M. 

Goldman,, and T. Velu. 1993. Interleukin 10 reduces the release of tumor necrosis factor and prevents 

lethalityy in experimental endotoxemia. J. Exp. Med. 177:547. 

7.. Howard, M., T. Muchamuel, S. Andrade, and S. Menon. 1993. Interleukin 10 protects mice from lethal 

endotoxemia.. J. Exp. Med. 177:1205. 

8.. Bean, A. G., R. A. Freiberg, S. Andrade, S. Menon, and A. Zlotnik. 1993. Interleukin 10 protects mice 

againstt staphylococcal enterotoxin B-induced lethal shock. Infect. Immun. 61:4937. 

9.. van der Poll, T., P. M. Jansen, W. J. Montegut, C. C. Braxton, S. E. Calvano, S. A. Stackpole, S. R. 

Smith,, S. W. Swanson, C. E. Hack, S. F. Lowry, and L. L. Moldawer. 1997. Effects of IL-10 on systemic 

inflammatoryy responses during sublethal primate endotoxemia. J. Immunol. 158:1971. 

10.. Pajkrt, D-, L. Camoglio, M. C. Tiel-van Buul, K. de Bruin, D. L. Cutler, M. B. Affrime, G. Rikken, T. 

vann der Poll, J. W. ten Cate, and S. J. H. van Deventer. 1997. Attenuation of proinflammatory response 

byy recombinant human IL-10 in human endotoxemia: effect of timing of recombinant human IL-10 

administration.. J. Immunol. 158:3971. 

11.. Rousset, F., E. Garcia, T. Defrance, C. Peronne, N. Vezzio, H. Hsu, R. Kastelein, K. W. Moore, and J. 

Banchereau.. 1992. Interleukin 10 is a potent growth and differentiation factor for activated human B 

lymphocytes.. Proc. Natl. Acad. Sci. USA 89:1890. 

12.. Lelievre, E., D. Sarrouilhe, F. Morel, J. L. Preud'Homme, J. Wijdenes, and J. C. Lecron. 1998. 

Preincubationn of human resting T cell clones with interleukin 10 strongly enhances their ability to 

producee cytokines after stimulation. Cytokine 10:831. 

13.. Groux, H., M. Bigler, J. E. de Vries, and M. G. Roncarolo. 1998. Inhibitory and stimulatory effects of IL-

100 on human CD8+ T cells. J. Immunol. 160:3188. 

14.. Shibata, Y., L. A. Foster, M. Kurimoto, H. Okamura, R. M. Nakamura, K. Kawajiri, J. P. Justice, M. R. 

Vann Scott, Q. N. Myrvik, and W. J. Metzger. 1998. Immunoregulatory roles of IL-10 in innate immunity: 

IL-100 inhibits macrophage production of IFN-gamma-inducing factors but enhances NK cell production 

off  IFN-gamma. J. Immunol. 161:4283. 

15.. Blazar, B. R., P. A. Taylor, S. Smith, and D. A. Vallera. 1995. Interleukin-10 administration decreases 

survivall  in murine recipients of major histocompatibility complex disparate donor bone marrow grafts. 

BloodBlood 85:842. 

178 8 



ProinflammatoryProinflammatory effects of IL-10 in vivo 

16.. van Deventer, S. J. H., C. O. Elson, and R. N. Fedorak. 1997. Multiple doses of intravenous interleukin 

100 in steroid-refractory Crohn's disease. Crohn's Disease Study Group. Gastroenterology 113:383. 

17.. Keystone, E., J. Wherry, and P. Grint. 1998. IL-10 as a therapeutic strategy in the treatment of 

rheumatoidd arthritis. Rheumatic Dis. Clinics North America 24:629. 

18.. Pajkrt, D., T. van der Poll, M. Levi, D. L. Cutler, M. B. Affrime, A. van den Ende, J. W. ten Cate, and S. 

J.. H. van Deventer. 1997. Interleukin-10 inhibits activation of coagulation and fibrinolysis during human 

endotoxemia.. Blood89:2701. 

19.. Schultz, M. J., P. Speelman, S. Zaat, S. J. H. van Deventer, and T. van der Poll. 1998. Erythromycin 

inhibitss tumor necrosis factor alpha and interleukin 6 production induced by heat-killed Streptococcus 

pneumoniaee in whole blood. Antimicrob. Agents Chemother. 42:1605. 

20.. Taniguchi, M., K. Nagaoka, T. Kunikata, T. Kayano, H. Yamauchi, S. Nakamura, M. Ikeda, K. Orita, and 

M.. Kurimoto. 1997. Characterization of anti-human interleukin-18 (IL-18)/interferon-gamma-mducing 

factorr (IGIF) monoclonal antibodies and their application in the measurement of human IL-18 by ELISA. 

J.J. Immunol. Methods 206:107. 

21.. Spaeny-Dekking, E. A., W. L. Hanna, A. M. Wolbink, P. C. Wever, A. J. Kummer, A. J. G. Swaak, J. M. 

Middeldorp,, H. G. Huisman, C. J. Froelich, and C. E. Hack. 1998. Extracellular granzymes A and B in 

man:: Detection of native species during CTL responses in vitro and in vivo. J. Immunol. 160:3610. 

22.. Boehm, U., T. Klamp, M. Groot, and J. C. Howard. 1997. Cellular responses to interferon-gamma. Annu. 

Rev.Rev. Immunol. 15:749. 

23.. Trinchieri, G. 1994. Interleukin-12: a cytokine produced by antigen-presenting cells with 

immunoregulatoryy functions in the generation of T-helper cells type 1 and cytotoxic lymphocytes. Blood 

84:4008. 84:4008. 

24.. Okamura, H„  H. Tsutsi, T. Komatsu, M. Yutsudo, A. Hakura, T. Tanimoto, K. Torigoe, T. Okura, Y. 

Nukada,, K. Hattori, K. Akita, M. Namba, F. Tanabe, K. Konishi, S. Fukuda, and M. Kurimoto. 1995. 

Cloningg of a new cytokine that induces IFN-gamma production by T cells. Nature 378:88. 

25.. Micallef, M. J., T. Ohtsuki, K. Kohno, F. Tanabe, S. Ushio, M. Namba, T. Tanimoto, K. Torigoe, M. 

Fujii,, M. Ikeda, S. Fukuda, and M. Kurimoto. 1996. Interferon-gamma-inducing factor enhances T helper 

11 cytokine production by stimulated human T cells: synergism with interleukin-12 for interferon-gamma 

production.. Eur. J. J. Immunol. 26:1647. 

26.. Carson, W. E., M. E. Ross, R. A. Baiocchi, M. J. Marlen, N. Boiani, K. Grabstein, and M. A. Caligiuri. 

1995.. Endogenous production of interleukin 15 by activated human monocytes is critical for optimal 

productionn of interferon-g by natural killer cells in vitro. J. Clin. Invest. 96:2578. 

27.. Tripp, C. S., S. F. Wolf, and E. R. Unanue. 1993. Interleukin 12 and tumor necrosis factor alpha are 

costimulatorss of interferon gamma production by natural killer cells in severe combined 

immunodeficiencyy mice with listeriosis, and interleukin 10 is a physiologic antagonist. Proc. Natl. Acad. 

Sci.Sci. USA 90:3725. 
28.. Farber, J. M. 1997. Mig and IP-10: CXC chemokines that target lymphocytes. J. Leukoc. Biol 61:246. 

29.. Smyth, M. J., and J. A. Trapani. 1995. Granzymes: exogenous proteinases that induce target cell 

apoptosis.. Immunol. Today 16:202. 

30.. Petrovsky, N., and L. C. Harrison. 1997. Diurnal rhythmicity of human cytokine production. A dynamic 

disequilibriumm in T helper cell type 1/T helper cell type 2 balance? J. Immunol. 158:5163. 

31.. Yoshimoto, T., K. Takeda, T. Tanaka, K. Ohkusu, S. Kashiwamura, H. Okamura, S. Akira, and K. 

Nakanishi.. 1998. IL-12 up-regulates IL-18 receptor expression on T cells, Thl cells, and B cells: 

synergismm with IL-18 for IFN-gamma production. J. Immunol. 161:3400. 

179 9 



ChapterChapter 13 

32.. Jansen, P. M., T. C. T. M. van der Pouw Kraan, I. W. de Jong, G. van Mierlo, J. Wijdenes, A. A. Chang, 

L.. A. Aarden, F. B. Taylor, Jr., and C. E. Hack. 1996. Release of interleukin-12 in experimental 

Escherichiaa coli septic shock in baboons: relation to plasma levels of interleukin-10 and interferon-

gamma.. Blood 87:5144. 

33.. Heinzel, F. P., A. M. Hujer, F. N. Ahmed, and R. M. Rerko. 1997. In vivo production and function of IL-

122 p40 homodimers. J. Immunol. 158:4381. 

34.. Ling, P., M. K. Gately, U. Gubler, A. S. Stern, P. Lin, K. Hollfelder, C. Su, Y. C. Pan, and J. Hakimi. 

1995.. Human IL-12 p40 homodimer binds to the IL-12 receptor but does not mediate biologic activity. J. 

Immunol.Immunol. 154:116. 

35.. Gillessen, S., D. Carvajal, P. Ling, F. J. Podlaski, D. L. Stremlo, P. C. Familletti, U. Gubler, D. H. 

Presky,, A. S. Stern, and M. K. Gately. 1995. Mouse interleukin-12 (IL-12) p40 homodimer: a potent IL-

122 antagonist. Eur. J. J. Immunol. 25:200. 

36.. Piccotti, J. R., S. Y. Chan, K. Li, E. J. Eichwald, and D. K. Bishop. 1997. Differential effects of IL-12 

receptorr blockade with IL-12 p40 homodimer on the induction of CD4+ and CD8+ IFN-gamma-

producingg cells. J. Immunol. 158:643. 

37.. Chernoff, A. E., E. V. Granowitz, L. Shapiro, E. Vannier, G. Lonnemann, J. B. Angel, J. S. Kennedy, A. 

R.. Rabson, S. M. Wolff, and C. A. Dinarello. 1995. A randomized, controlled trial of IL-10 in humans. 

Inhibitionn of inflammatory cytokine production and immune responses. J. Immunol. 154:5492. 

38.. Fuchs, A. C, E. V. Granowitz, L. Shapiro, E. Vannier, G. Lonnemann, J. B. Angel, J. S. Kennedy, A. R. 

Rabson,, E. Radwanski, M. B. Affrime, D. L. Cutler, P. C. Grint, and C. A. Dinarello. 1996. Clinical, 

hematologic,, and immunologic effects of interleukin-10 in humans. J. Clin. Immunol. 16:291. 

39.. Cai, G., R. A. Kastelein, and C. A. Hunter. 1999. IL-10 enhances NK cell proliferation, cytotoxicity and 

productionn of IFN-gamma when combined with IL-18. Eur. J. Immunol. 29:2658. 

40.. Groux, H., F. Cottrez, M. Rouleau, S. Mauze, S. Antonenko, S. Hurst, T. McNeil, M. Bigler, M. G. 

Roncarolo,, and R. L. Coffman. 1999. A transgenic model to analyze the immunoregulatory role of IL-10 

secretedd by antigen-presenting cells. J. Immunol. 162:1723. 

41.. Berke, G. 1995. Unlocking the secrets of CTL and NK cells. Immunol. Today 16:343. 

42.. Froelich, C. J., V. M. Dixit, and X. Yang. 1998. Lymphocyte granule-mediated apoptosis: matters of viral 

mimicryy and deadly proteases. Immunol. Today 19:30. 

43.. Wever, P. C, L. H. A. Spaeny, H. J. J. van der Vliet, R. J. Rentenaar, A. M. Wolbink, J. Surachno, P. M. 

E.. Wertheim, P. T. A. Schellekens, C. E. Hack, and I. J. M. ten Berge. 1999. Expression of Granzyme B 

duringg primary Cytomegalovirus infection after renal transplantation. J. Infect. Dis. 179:693. 

44.. Gasperini, S., M. Marchi, F. Calzetti, C. Laudanna, L. Vicentini, H. Olsen, M. Murphy, F. Liao, J. Farber, 

andd M. A. Cassatella. 1999. Gene expression and production of the monokine induced by IFN-y (MIG), 

IFN-induciblee T cell a chemoattractant (1-TAC), and IFN-y-inducible protein-10 (IP-10) chemokines by 

humann neutrophils. J. Immunol. 162:4928. 

45.. D. Andrea, A., M. Aste-Amezaga, N. M. Valiante, X. Ma, M. Kubin, and G. Trinchieri. 1993. Interleukin 

100 (IL-10) inhibits human lymphocyte interferon gamma-production by suppressing natural killer cell 

stimulatoryy factor/IL-12 synthesis in accessory cells. J. Exp. Med. 178:1041. 

46.. van Montfrans, C, A. van de Ende, R. Fedorak, A. Gangl, C. O. Elson, P. Rutgeerts, S. Schreiber, G. 

Wild,, S. Hanauer, P. Grint, and S. J. H. van Deventer. 1999. Anti- and proinflammatory effects of 

Interleukin-100 in mild to moderate Crohn's disease. Gastroenterology II6.A777. 

180 0 



ChapterChapter 14 

Epinephrinee inhibits the production of interferon-y and 

interleukin-122 in whole blood stimulated with endotoxin 

Fannyy N. Lauw, Peter Speelman, Sander J.H. van Deventer, and Tom van der Poll 

Fromm the Laboratory of Experimental Internal Medicine and the Department of Infectious Diseases, 

Tropicall  Medicine and AIDS, University of Amsterdam, Amsterdam, the Netherlands. 



ChapterChapter 14 

Abstract t 

Systemicc inflammation leads to the activation of multiple host inflammatory responses, 

includingg the cytokine network and the release of stress hormones. To determine the effects 

off  epinephrine on the release of IFN-y and IL-12, two proinflammatory cytokines which 

havee been implicated to contribute to the pathogenesis of sepsis and endotoxemia, human 

wholee blood was stimulated in vitro with increasing concentrations of epinephrine. 

Epinephrinee dose-dependently inhibited IFN-y and IL-12p70 production stimulated by 

severall  bacterial stimuli, an effect which was mediated by an effect of epinephrine on P 

adrenergicc receptors, since it could be prevented by addition of a specific P-adrenergic 

antagonist,, while an a-adrenergic antagonist had no effect. In addition, incubation with the 

cAMPP analog db-cAMP dose-dependently inhibited IFN-y release stimulated by LPS. In 

thee presence of anti-IL-12, epinephrine did not affect IFN-y concentrations in U n-

stimulatedd whole blood, suggesting that epinephrine reduces IFN-y release indirectly 

throughh inhibition of IL-12 production. These data suggest that, during acute infection, 

epinephrinee may attenuate excessive release of IFN-y and IL-12, but may also contribute to 

aa decreased Thl type immune response. 
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Introduction n 

Interferon-yy (IFN-y) is an important proinflammatory cytokine which is mainly produced by 

CD4++ T helper 1 (Thl) cells, CD8+ T cells and natural killer (NK) cells (1). IFN-y is a 

potentpotent stimulator of monocyte/macrophage activities, including the production of cytokines 

andd phagocytosis (1, 2). IFN-y has been demonstrated to play an important role during 

sepsiss and endotoxemia. Elevated plasma concentrations of IFN-y can be found in a subset 

off  patients with sepsis, and during experimental sepsis in primates (3-6). During 

experimentall  endotoxemia in mice, neutralization of IFN-y protected against lethality, while 

IFN-yy receptor deficient mice were resistant against endotoxin (LPS)-induced shock (7, 8). 

Interleukin-122 (IL-12) is a heterodimeric proinflammatory cytokine formed by a p35 and a 

p400 subunit, which is produced mainly by antigen-presenting cells. IL-12 plays a central 

rolee in both innate immunity by stimulation of T and NK cell activity, and adaptive 

immunityy by promoting the differentiation of naive T cells into Thl type cells (9, 10). 

Elevatedd levels of IL-12 have been measured in during clinical and experimental sepsis (4-

6).. IL-12 has been demonstrated to be important for IFN-y production during endotoxemia 

inn mice, and neutralization of IL-12 protected against LPS-induced lethality (11,12). 

Administrationn of LPS to healthy humans leads to the activation of the cytokine 

networkk and induces a characteristic stress hormone release (13). Several studies have 

demonstratedd that stress hormones can influence the production of cytokines during 

experimentall  human endotoxemia. Infusion of epinephrine or glucocorticoids have been 

shownn to alter the cytokine response elicited by LPS characterized by reduced TNF 

productionn and enhanced IL-10 release (14-16). Knowledge of the effects of epinephrine on 

IFN-yy and IL-12 release is limited. Such knowledge may contribute to the understanding of 

thee endogenous effects of stress hormones during acute systemic infection on the cytokine 

network,, and also for the therapeutic use of catecholamines in patients with systemic shock. 

Itt is difficult to study the effects of epinephrine on IFN-y and IL-12 release induced by LPS 

inn humans in vivo, since in the widely used model of human endotoxemia, IFN-y and IL-12 

concentrationss are hardly detectable. Therefore, in the present study, we studied the effect 

off  epinephrine on IFN-y and IL-12 production by different bacterial stimuli during whole 

bloodd stimulation in vitro, a condition which is considered to mimic the human in vivo 

conditionn most closely (17). In addition, since IL-12 is known to be important stimulator of 

IFN-yy production, we examined whether epinephrine influences IFN-y production directly 

orr whether this effect is mediated through effects of epinephrine on IL-12 release. 
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Materialss and methods 

Reagents s 

LPSS (from Escherichia coli serotype Oil 1:B4) and Staphylocoocal enterotoxin B (SEB) 

weree obtained from Sigma (St. Louis, MO). Heat-killed Staphylococcus aureus (HKSa) were 

preparedd from reference strain 14459B from the National Institute of Public Health and the 

Environmentt (Bilthoven, the Netherlands). The isolate was suspended in 50 ml Todd-Hewitt 

brothh and cultured overnight in 5% C02 at 37°C. This suspension was diluted in fresh medium 

thee next morning and incubated until log-phase growth was obtained. Thereafter, 10-fold 

dilutionss of this suspension were made and plated on blood agar plates for colony-forming unit 

(CFU)) counts. Bacteria were harvested by centrifugation, washed twice in pyrogen-free 0.9% 

NaCl,, resuspended in 20 ml 0.9% NaCl, and heat inactivated for 60 minutes at 80°C. A 500-ul 

samplee on a blood agar plate did not show growth of bacteria. Dilutions were made in 

pyrogen-freee RPMI 1640 (Bio Wittaker, Verviers, Belgium). 

Adrenergicc agents were obtained from the following manufacturers: epinephrine from 

Centrafarmm Services (Etten-Leur, the Netherlands), phentolamine from Ciba-Geigy (Basel, 

Switzerland),, and propranolol from Zeneca (Ridderkerk, the Netherlands). Dibutyryl-cyclic 

AMPP (db-cAMP) was purchased from Sigma. Neutralizing mouse-anti-human IL-12 MAb and 

controll  mouse IgG were obtained from R&D Systems (Abingdon, UK). 

Wholee blood stimulation 

Wholee blood was collected aseptically from 6 healthy individuals using a sterile collecting 

systemm consisting of a butterfly needle connected to a syringe (Becton Dickinson & Co, 

Rutherford,, NJ). Anticoagulation was obtained using endotoxin-free heparin (Leo 

Pharmaceuticall  Products B.V., Weesp, the Netherlands; final concentration 10 U/ml blood). 

Wholee blood, diluted 1:1 in RPMI, was stimulated for 24 h at 37°C with LPS (10 ng/ml), 

HKSaa (107 CFU/ml) or anti-CD/anti-CD28 double stimulation (both 1:1000), in the 

presencee or absence of increasing concentrations of epinephrine (10"7-10~5 M). To 

determinee by which mechanism epinephrine exerts its effects, whole blood was stimulated 

withh LPS (10 ng/ml) with or without epinephrine (10"6 M), phentolamine (10"5 M), 

propranololl  (105 M), or db-cAMP (10"6-10~4 M). In some experiments, neutralizing mAbs 

directedd against human IL-12 or isotype-matched control mouse IgG were used (both 10 

Hg/ml).. This concentration of anti-IL-12 completely neutralizes activity of recombinant 

humann (rh)IL-12 when added at 1-2 log higher concentrations compared with levels found 

afterr whole blood stimulation with LPS (information on the neutralizing capacity of the 

mAbb was provided by the manufacturer). After the incubation, supernatant was obtained 

afterr centrifugation (1600 x g for 15 minutes at 4°C) and stored at -20°C until assays were 

performed. . 
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Assays s 

IFNyy and IL-12p70 were measured by specific ELISAs according to the instructions of the 

manufacturerr (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, 

Amsterdam,, the Netherlands). The detection limits of the assays were 2.4 pg/ml (IFN-y) 

and6.2pg/ml(IL-12p70). . 

Statistics s 

Al ll  data are expressed as mean  SE of six donors. Statistical analysis was performed by 

Wilcoxonn test. P < 0.05 was considered to represent a significant difference. 

Results s 

Effectt of epinephrine on IFN-y and IL-12 production induced by different bacterial 

stimuli i 
Incubationn of whole blood for 24 h at 37°C without stimulus did not result in detectable 

levelss of IFN-y or IL-12p70. Also, epinephrine did not induce cytokine production when 

addedd in the absence of a stimulus. Incubation with LPS, HKSa or SEB resulted in high 

concentrationss of IFN-y, while low concentrations of IL-12p70 were found (Figure 1). 

Additionn of epinephrine induced a strong dose-dependent inhibition of IFN-y and IL-12p70 

afterr stimulation with LPS or HKSa, while the inhibitory effect on SEB cytokine 

productionn was less strong. 

logg 10 [epinephrine! 8 1 0 [epinephrine] 

Figuree 1. Epinephrine dose-dependently inhibits LPS-stimulated IFN-y and IL-12p70 release in 
wholee blood Whole blood from six different donors, diluted 1:1 in RPMI, was incubated for 24 h at 
37°C,, with LPS (10 ng/ml), HKSa (107 CFU/ml) or SEB (1 ug/ml) in the presence or absence of 
increasingg concentrations of epinephrine. Data are expressed as percentage change (mean  SE) 
relativee to incubation with LPS, HKSa or SEB only. IFN-y concentrations were 10.01  2.65 ng/ml 
(LPSS only) 16 61  7.2 ng/ml (HKSa), and 11.91  4.68 ng/ml (SEB). IL-12p70 concentrations were 
73.466  37.'11 pg/ml (LPS), 62.92  23.86 pg/ml (HKSa), and 41.56  26.29 pg/ml (SEB). P < 0.05 
vs.. LPS, HKSa or SEB only. 
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Epinephrinee inhibits IFN-y production mainly through (3-adrenergic stimulation 

Sincee it is known that epinephrine can bind to both a (a, and ct2) and P (P, and p2) 

adrenergicc receptors, we sought to determine whether the effect of epinephrine on IFN-y 

productionn was mediated through a or p adrenergic stimulation. Therefore, whole blood 

wass incubated with LPS and epinephrine (10"6M) in the presence or absence of a specific a 

adrenergicc receptor antagonist phentolamine (10"5 M), and /or the specific P receptor 

antagonistt propranolol (10~5 M). In the absence of epinephrine, neither phentolamine nor 

propranololl  affected LPS-induced cytokine production. Epinephrine again strongly 

inhibitedd LPS-induced IFN-y production (Figure 2). a receptor blockade with phentolamine 

hadd no effect on epinephrine-induced inhibition of LPS-induced IFN-y release. In contrast, 

PP receptor blockade with propranolol completely prevented the inhibiting effect of 

epinephrine.. The combination of propranolol and phentolamine resulted in IFN-y 

concentrationss similar to those found after addition of propranolol alone. These data 

suggestt that epinephrine inhibits LPS-induced IFN-y production by an effect on the 0-

adrenergicc receptor. 

Figuree 2. Effect of a and/or p adrenergic 
receptorr blockade on IFN-y production by 
LPS-stimulatedd whole blood. Whole blood 
fromm six different donors, diluted 1:1 in 
RPMI,, was incubated for 24 h at 37°C, with 
LPSS (10 ng/ml). Epi, with epinephrine (epi, 
100 M). A, with epinephrine and the a 
antagonistt phentolamine (105 M). B with 
epinephrinee and the P antagonist 
propranololl  (105 M). C, with epinephrine 
andd phentolamine and propranolol. Data are 
expressedd as percentage change (mean
SE)) relative to incubation with LPS only. * P 
<< 0.05 vs. LPS only. 

db-cAMPP inhibits IFN-y release 

P-adrenergicc stimulation is known to result in increased levels of intracellular cAMP (18). 

Therefore,, we wanted to determine the effects of db-cAMP on LPS-induced IFN-y 

production.. The addition of dbcAMP caused a dose-dependent inhibition of IFN-y release 

stimulatedd by LPS (Fig. 3). 

Effectt of anti-IL-12 on epinephrine-induced inhibition ofIFN-y production 

Itt has been demonstrated in vitro and in mice that LPS-induced IFN-y production is largely 

dependentt on IL-12 (11, 12, 19). Having established that epinephrine inhibits IL-12p70 

productionn stimulated by LPS, we were interested whether the inhibiting effect of 
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epinephrinee on IL-12p70 production contributes to epinephrine-induced inhibition IFN-y. 

Therefore,, whole blood was incubated with LPS in the presence or absence of epinephrine 

(10"66 M), a neutralizing anti-IL-12 Ab, or an irrelevant control Ab (10 ug/ml). Anti-IL-12 

stronglyy reduced LPS-induced IFN-y (Table 1). In the presence of anti-IL-12, addition of 

epinephrinee had no effect on LPS-induced IFN-y release. 

Figuree 3. dbc-AMP dose-dependently 

inhibitss LPS-induced IFN-y release in 

wholee blood. Whole blood from six 

differentt donors, diluted 1:1 in RPMI, was 

incubatedd for 24 h at 37°C, with LPS (10 

ng/ml)) in the presence or absence of 

increasingg concentrations of db-cAMP. 

Dataa are expressed as percentage change 

(meann  SE) relative to incubation with 

LPSS only. * P < 0.05 vs. LPS only. 

Tablee 1. Epinephrine does not affect LPS-induced IFN-y production in the presence of anti-IL-12. 

IFN-yy (ng/ml) 

LPSS 9.39 6 

LPSS + epi 4.05 + 2.19* 
LPSS + anti-IL-12 1.30 * 
LPSS + anti-IL-12 + epi 1.13  0.58 *# 

Valuess are mean  SE of six different donors. Whole blood, diluted 1:1 in RPMI, was incubated for 
244 h at 37°C with LPS (10 ng/ml) in the presence or absence of epinephrine (epi, 10"6 M) and/or anti-
1L-122 (10 ug/ml). * P < 0.05 vs. LPS only. * P < 0.05 vs. LPS + epi. 

Discussion n 

Duringg acute infection, both the production of cytokines and the release of stress hormones 

aree increased. Previous studies have established that complex interactions exist between 

sfresss hormones and the cytokine network. Administration of proinflammatory cytokines 

includingg TNF, IL-1 and IL-6 induce the release of stress hormones in humans and primates 

(20-22).. Further, the catecholamines epinephrine and norepinephrine have been shown to 

inhibitt the production of LPS-stimulated TNF, IL-6 and IL-i p in vitro, while increasing the 

releasee of IL-10 (15, 18, 23). Also, infusion of epinephrine or glucocorticoids in humans 
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inhibitedd TNF release during experimental endotoxemia, while enhancing IL-10 secretion 
(14-16). . 

Wee demonstrate here that epinephrine inhibits production of IFN-y and IL-12 induced 

byy several bacterial stimuli during whole blood stimulation in vitro. Similar concentrations 

off  epinephrine have been used in previous in vitro studies to determine the effect of 

epinephrinee on cytokine release (15, 23, 24). The inhibitory effects of epinephrine was 

moree pronounced on LPS and HKSa-stimulated IFN-y and IL-12 production compared to 

thee release induced by SEB. This discrepancy may reflect the different mechanism of cell 

activationn involved with the stimuli, i.e. LPS and HKSa mainly activate 

monocytes/macrophages,, while the bacterial superantigen SEB, after simultaneously 

bindingg to MHC class II molecules of an APC and the specific V(3 domain of the T cell 

receptor,, activates large fractions of the T cell population (25). Epinephrine inhibited IFN-y 

releasee by an effect on p-adrenergic receptors. Indeed, |3-adrenergic blockade by 

propranololl  completely prevented the inhibition of epinephrine on LPS-induced IFN-y 

production.. In contrast, a-adrenergic blockade by phentolamine did not influence IFN-y 

release. . 

Elevationn of intracellular cAMP levels is a well-known postreceptor effect of [3-
adrenergicc stimulation (18). Incubation with the cAMP analog db-cAMP dose-dependently 
inhibitedd IFN-y release stimulated by LPS. In previous studies, prostaglandin̂ (PGE2), 
ann inflammatory mediator known to increase intracellular levels of cAMP, was reported to 
alsoo inhibit LPS-induced IL-12 production, an effect which could be mimicked by other 
cAMPP inducers (26, 27). Also, (32-agonists have been reported to inhibit IL-12 production 
fromm monocytes and dendritic cells, which was associated with increased concentrations of 
intracellularr cAMP (28). Together, these data suggest that changes in intracellular 
concentrationss of cAMP are involved in the suppression of IFN-y and IL-12 production by 
epinephrine. . 

IL-122 is a important for the regulation of IFN-y in vitro and in mice during 
endotoxemiaa (11, 12, 19) and the present study). Since epinephrine potently inhibited LPS-
inducedd IL-12 production, the reduction of IFN-y release could in part be the result of the 
inhibitingg effect on IL-12. To eliminate the effect of reduced IL-12 concentrations, 
experimentss with a neutralizing Ab against IL-12 were performed. In the presence of anti-
IL-12,, epinephrine did not affect IFN-y concentrations in LPS-stimulated whole blood. This 
suggestss that epinephrine reduces IFN-y release during whole blood stimulation with LPS 
indirectlyy through inhibition of IL-12 production. 

Wee used the whole blood assay to study the effects of epinephrine, rather than cultures 

off  isolated cells. The use of whole blood eliminates possible artifacts that may result from 

isolationn of cells, such as an alteration in cytokine-producing capacity (29). In addition, the 

effectt of a hormone on cytokine release in whole blood can be studied under conditions 
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withh a physiological endocrine background and in the presence of all blood components, 

whichh is likely to be of more relevance for the in vivo situation. 

Systemicc inflammation leads to the activation of multiple host inflammatory responses, 

includingg the cytokine network and the release of stress hormones (13). We here report that 

epinephrinee strongly inhibits LPS-stimulated IL-12 production and, indirectly of IFN-y, in 

wholee blood in vitro mainly through (3-adrenergic stimulation. IL-12 plays an important 

rolee in the regulation of Thl/Th2 balance by promoting the differentiation of Thl type cells 

(9,, 10). A Thl-mediated immune response, accompanied by the production of Thl type 

cytokiness including IFN-y, is associated with cell-mediated immunity (30). Therefore, 

releasee of epinephrine during the acute phase of inflammation attenuates excessive 

proinflammatoryy cytokine release, but may also contribute to a decreased Thl type immune 

response,, which may render the host more susceptible to concurrent infection. 
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Summary y 

Thee host immune response against invading infectious pathogens requires the complex 

interactionn of various immune cells and inflammatory mediators. Cytokines are a family of 

smalll  potent proteins, produced by a large variety of cells in response to many infectious 

andd immunologic stimuli, that play an essential role in the orchestration of an inflammatory 

response.. They interact in a complex network in which they can influence each others 

productionn and activity. Interleukin-12 (IL-12) and IL-18 are two monocyte/macrophage-

derivedd cytokines with important proinflammatory activities which contribute to both 

innatee and pathogen-specific cell-mediated immune responses. They share many biological 

effectss on T and natural killer (NK) cells, and most importantly, are major costimuli for 

interferon-yy (IFN-y) production, the prototypic Thl cytokine and a strong activator of 

phagocyticc cells. In this thesis, the role of IL-12, IL-18, IFN-y and related immune 

responsess was studied during clinical bacterial infection, and in several experimental 

modelss of infection in humans and in mice. 

ChapterChapter 2 gives an overview of the structure, characteristics and biological effects of IL-12 
andd IL-18, and their receptors. In addition, the role of these cytokines in the pathogenesis of 
endotoxemiaa and bacterial infection is discussed. 

Too obtain more insight into the in vivo effects of IL-12 in humans, nonhuman primates 

weree injected with a single dose of recombinant human (rh)IL-12, and several immune 

responsess were studied. In Chapter 5, we demonstrated that injection of IL-12 induces 

sustainedd activation of multiple host inflammatory pathways that are activated during 

sepsis,, including the cytokine network, leukocytes, and the coagulation and fibrinolytic 

system.. These data may contribute to the insight in the role of IL-12 in the pathogenesis of 

sepsis,, and the toxicity found in cancer patients after repeated injections of IL-12. 

InIn Chapter 4, the effects of IL-12 on mononuclear cells involved in cell-mediated 

immunee responses are reported. In vivo administration of IL-12 resulted in the activation of 

lymphocytes,, NK cells and phagocytes, and induced a shift towards a Thl-mediated 

immunee response as indicated by the increased production of the Thl cytokine IFN-y. Data 

inn this study support the hypothesis that IL-12 may be useful as an adjuvant therapeutic 

agentt against infection in which a cell-mediated response is protective. 

Inn Chapter 5, the role of IL-12 and IL-18 during superantigen-induced immune 

responsess was studied by intraperitoneal injection of staphylococcal enterotoxin B (SEB) in 

IL-12p400 gene deficient (IL-12P40"'") and wild-type (WT) mice with or without anti-IL-18 

orr control serum. We found that the role of IL-12 during SEB-induced immunopathology is 

limitedd to sustaining IFN-y release by an IL-18-independent mechanism, without 
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influencingg the release of other cytokines or the proliferation and deletion of SEB-reactive 

Vp8++ T cells. 
ChaptersChapters 6 and 7 report on the contribution of IL-12, IL-18 and IFN-y in host defense 

too local bacterial infection in a model of pneumococcal pneumonia by intranasal 

inoculationn of Streptococcus pneumoniae in IL-18 " and WT mice, with or without anti-IL-

122 or control antibody {Chapter 6), and in IFN-y receptor deficient (IFN-yR"), IFN-y"' and 

WTWT mice (Chapter 7). Although survival did not differ between IL-18 and WT mice, IL-

18""  mice had significantly more bacteria in their lungs and were more susceptible for 

progressingg to systemic infection at 24 h and 48 h post inoculation, which was not related to 

aa defect in the formation of an inflammatory response or the influx of granulocytes in the 

lung.. Anti-IL-12 did not influence bacterial clearance in either IL-18 7 or WT mice. IFN-

yR7""  and IFN-y"7" mice were not more susceptible to, or even slightly protected, to 

pneumococcall  pneumonia. Data from these studies indicate that IL-18 possesses important 

immunoregulatoryy activities during local bacterial infection in vivo, which are independent 

off  IL-12 and IFN-y, and should therefore not merely be considered as an IFN-y-inducing 

cytokine. . 
Inn Chapter 8, we describe that although IFN-y treatment has been demonstrated to 

preventt the incidence of infections in patients with chronic granulomatous disease, and to 

havee beneficial effects during (chronic) mycobacterial infection, it did not improve the 

resolutionn of local lesions by Mycobacterium avium complex infection in two HIV-infected 

patients.. This could be explained by the inability of IFN-y to enhance the production of Thl 

typee cytokines in these patients. 

InIn Chapter 9, we demonstrate that in vivo exposure to endotoxin (lipopolysacchande, 

LPS)) in humans is associated with a shift towards a Th2 type cytokine response. Whole 

bloodd obtained at 3 h and 6 h after in vivo injection of low dose LPS and stimulated in vitro 

withh T cell stimuli, produced less IFN-y and IL-2 (Thl cytokines), while the release of the 

Th22 cytokines IL-4 and IL-5 was not influenced, or slightly increased. Serum obtained after 

LPSS exposure could qualitatively reproduce these changes during stimulation of normal 

blood,, suggesting that soluble factors in serum contribute to this effect. 

ChaptersChapters 10,11 and 12 are studies on several immune responses during melioidosis, a 

severee infection caused by the gram-negative bacterium Burkholderia pseudomallei. In 

ChapterChapter 10, the production of IFN-y and the IFN-y-inducing cytokines IL-18, IL-12 and IL-

155 was evaluated during melioidosis. Compared with healthy controls, IFN-y, IL-18, IL-

12p400 and IL-15 were elevated on admission and remained elevated during the 72-h study 

period,, with significantly higher levels in blood culture-positive patients, while IL-12p70 

remainedd undetectable in the majority of patients. Whole blood stimulation in vitro with 

heat-killedd B. pseudomallei suggested that elevated plasma concentrations of IFN-y during 

melioidosiss are at least in part the result of endogenous IL-18, IL-12 and IL-15 activity. 
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Inn Chapter 11, the release of IFN-y-inducible protein-10 (IP-10) and monokine induced 

byy IFN-y (Mig), two CXC chemokines that specifically target activated T lymphocytes and 

NKK cells, and of which the production in vitro is strongly dependent on IFN-y, was studied 

duringg melioidosis. Plasma concentrations of both IP-10 and Mig were markedly increased 

duringg melioidosis, especially in blood culture positive patients, and showed a positive 

correlationn with IFN-y concentrations. In whole blood in vitro, not only B. pseudomallei, 

butt also other gram-negative and gram-positive bacteria, as well as Escherichia coli LPS 

weree able to induce IP-10 and Mig release, which was mediated in part through the release 

off  IFN-y, TNF, IL-12 and IL-18. These data suggest that the release of IP-10 and Mig is 

partt of the innate immune ïesponse to bacterial infection, and may contribute to Thl-

mediatedd host defense during infections by attracting CXCR3+ Thl cells to the site of 

inflammation. . 

Inn Chapter 12, we studied the involvement of cytotoxic lymphocytes during bacterial 

infectionn in humans by measuring the release of soluble granzymes during experimental 

humann endotoxemia and melioidosis. Granzyme (Gr)A and GrB plasma concentrations 

increasedd transiently after LPS administration, peaking after 2-6 h. In patients with 

bacteremicc melioidosis, GrA and GrB levels were elevated on admission and remained high 

duringg the 72-h study period. Several bacterial stimuli were found to induce the release of 

granzymess in whole blood in vitro, which was largely mediated by TNF and IL-12. These 

dataa indicate that interaction between the cytokine network and granzymes may play an 

importantt immunoregulatory role during bacterial infections. 

ChapterChapter 13 reports on the effects of the prototypic anti-inflammatory cytokine IL-10 

duringg experimental human endotoxemia. IL-10 is evaluated as a new adjuvant therapy for 

severall  inflammatory diseases in clinical studies. Surprisingly, IL-10 treatment, particularly 

whenn administered after LPS, enhanced LPS-induced IFN-y release, as well as the release 

off  IP-10, Mig, and granzymes, while inhibiting or not influencing the production of IFN-y-

inducingg cytokines. These data indicate that high dose IL-10 treatment in patients with 

inflammatoryy disorders can be associated with undesired proinflammatory effects. 

Inn Chapter 14, the effect of the stress hormone epinephrine on IL-12 and IFN-y 

productionn was studied during whole blood stimulation in vitro. Epinephrine strongly 

inhibitedd LPS-stimulated IL-12 production and, indirectly of IFN-y, in whole blood in vitro 

mainlyy through (3-adrenergic stimulation. The release of epinephrine during the acute phase 

off  inflammation not only attenuates excessive proinflammatory cytokine release, but may 

alsoo contribute to a decreased Thl type immune response through inhibition of IL-12 

production. . 

194 4 



SummarySummary and Conclusion 

Generall discussion 

Studiess in this thesis demonstrate the increased production of IL-12, IL-18 and IFN-y 

duringg clinical bacterial infection, and the immunoregulatory role of these cytokines in 

severall  experimental models of bacterial infection in mice. The question that obviously 

arisess is what the clinical implications of these findings are. High systemic levels of 

proinflammatoryy cytokines, like TNF and IL-lp , have previously been demonstrated to 

contributee to tissue injury and mortality during experimental sepsis and endotoxemia. In 

contrast,, the anti-inflammatory cytokine IL-10 has a protective effect during systemic 

infection,, largely by inhibiting the activity of proinflammatory cytokines. Indeed, 

neutralizationn of proinflammatory cytokines has been found to inhibit the activation of 

inflammatoryy pathways and to protect against mortality during sepsis models in animals. 

However,, in clinical trials with anti-inflammatory agents in patients with clinically defined 

sepsis,, including anti-TNF, soluble TNF receptors and IL-1RA, none of these interventions 

havee demonstrated a beneficial effect with respect to prospectively defined end points. This 

discrepancyy between results found in animal models and clinical sepsis in patients, may be 

explainedd by the fact that intravenous injection of LPS or live bacteria results in a relatively 

acutee syndrome, while clinical sepsis almost invariably is the result of an infection that was 

att least initially localized in an organ or body cavity. Therefore, when discussing the role of 

cytokiness during systemic infection, it is important to obtain insight into the role of these 

mediatorss during localized infections. In mouse models of bacterial infection, locally 

producedproduced proinflammatory cytokines have been demonstrated to be essential for adequate 

bacteriall  clearance. Indeed, in the absence of TNF and IL-6, mice are more susceptible to 

bacteriall  pneumonia, while endogenous IL-10 impairs the local antibacterial host response. 

Also,, TNF and IL-6 have been found to be protective during E. coli peritonitis. 

Inn line with these results, we found elevated plasma concentrations of the 

proinflammatoryy cytokines IL-12, IL-18 and IFN-y in patients with severe bacterial 

infection,, which correlated with severity of disease. According to results found during 

wholee blood stimulations in vitro, these cytokines at least in part, contributed to the 

activationn of other inflammatory responses, including the production of chemokines and 

activationn of cytotoxic lymphocytes as reflected by the release of soluble granzymes. In 

nonhumann primates, we demonstrated that IL-12 is capable of systemically activating 

inflammatoryy cascades that contribute of the pathogenesis of sepsis. In contrast, local IL-18 

wass found to contribute to early bacterial clearance from the lung during pneumococcal 

pneumoniaa in mice. In this model, IL-12 and IFNy did not serve a protective effect, 

althoughh previous studies have reported on the beneficial roles of IL-12 and IFN-y during 

KlebsiellaKlebsiella pneumonia and/or infection with intracellular pathogens. Together, these data 

indicatee that like other pro-inflammatory cytokines, high systemic concentrations of IL-12, 
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IL-188 and IFN-y may contribute to the development of sepsis, while these cytokines at least 

duringg some infections are important for the antimicrobial host response at the site of 

infection. . 

Anotherr explanation why clinical trials with anti-inflammatory agents in sepsis patients 

doo not achieve the desired result, may be the fact that, when patients arrive at the hospital 

andd are enrolled in clinical trials, they are not in a proinflammatory state, but rather in an 

immunorefractoryy state, characterized by decreased production of proinflammatory 

cytokiness upon restimulation of whole blood or isolated mononuclear cells in vitro. This 

tolerantt state can be mimicked using the human endotoxemia model. Indeed, we 

demonstratedd that whole blood obtained 3-6 h after a bolus injection of LPS, produces less 

Thll  cytokines in vitro, while not influencing the release of Th2 cytokines, resulting in a 

shiftt towards a Th2 type cytokine response. In line with this result, a recent clinical study 

reportedd on the use of rhIFN-y to stimulate the immune status of patients with sepsis. In 

addition,, other soluble factors present in the circulation during systemic infection, like 

stresss hormones and catecholamines, may influence cytokine production, illustrating the 

complexx interaction between the cytokine network and other inflammatory mediators. 

Altogether,, cytokines play a critical role in the regulation of an immune response to 

infectiouss agents. The type of pathogen and the site of the infection importantly determines 

whichh immune response will be effective. Studies in this thesis provide more insight into 

thee role of IL-12, IL-18 and IFN-y during clinical bacterial infection, and during systemic 

andd local models of experimental infection. Although IL-12, IL-18 and IFN-y are often 

regardedd only in the context of each others activity, studies in this thesis demonstrate that 

individually,, these cytokines are potent stimulators of inflammatory responses, and may 

contributee importantly to an adequate host response to (bacterial) infection. 
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Samenvatting g 

Hett immuun systeem beschermt het lichaam tegen infectieuze pathogenen. Een adequate 

afweerreactiee vereist een complexe interactie tussen diverse immuuncellen en 

ontstekingsmediatoren.. Cytokinen zijn een familie van kleine eiwitten die worden 

geproduceerdd door meerdere celtypen in reactie op verschillende infectieuze en 

immunologischee stimuli, en spelen een essentiële rol in het coördineren van 

ontstekingsprocessen.. Cytokinen werken samen in een uitgebreid netwerk waarin ze eikaars 

synthesee en activiteit kunnen beïnvloeden. Interleukine-12 (IL-12) en IL-18 zijn twee 

cytokinen,, die geproduceerd worden door monocyten/macrofagen, met belangrijke 

ontstekingsbevorderendee (proinflammatoire) activiteiten, en een regulerende rol spelen in 

zowell  de aspecifieke als antigeenspecifieke celgemedieerde afweer. Ze delen vele 

biologischee effecten op T- en natural killer-ce\len (NK-cellen) en zijn bovenal belangrijke 

co-stimulii  voor de productie van interferon-y (IFN-y), het prototype T helper 1 (Thl) 

cytokinee en een sterke activator van fagocyterende cellen. Studies in dit proefschrift 

beschrijvenn de rol van IL-12, IL-18, IFN-y en gerelateerde immuunresponsen tijdens 

klinischee bacteriële infecties en in een aantal experimentele infectiemodellen in gezonde 

vrijwilliger ss en in muizen. 

HoofdstukHoofdstuk 2 geeft een overzicht van de structuur, de eigenschappen en de biologische 

activiteitenn van IL-12, IL-18 en hun receptoren. Tevens wordt de rol van deze cytokinen in 

dee pathogenese van endotoxinemie en bacteriële infecties behandeld. 

Omm meer inzicht te krijgen in de in vivo activiteiten van IL-12 in mensen, werden 

chimpanseess ingespoten met een bolus injectie van recombinant humaan IL-12, en werd 

gekekenn naar verschillende immuunresponsen. In hoofdstuk 3 tonen we aan dat injectie van 

IL-122 leidt tot langdurige activatie van meerdere ontstekingscascades die geactiveerd zijn 

tijdenss sepsis, zoals het cytokine netwerk, leukocyten, het stollingssysteem en fibrinolyse. 

Dezee data bieden meer inzicht in de rol van IL-12 tijdens het ontstaan van sepsis, maar ook 

inn de toxiciteit die gevonden is na herhaalde toediening van IL-12 in kankerpatiënten. 

Inn hoofdstuk 4 wordt het effect van IL-12 op cellen van het immuunsysteem die 

betrokkenn zijn bij celgemedieerde immuunreacties beschreven. Toediening van IL-12 leidt 

tott activatie van lymfocyten, NK cellen en fagocyterende cellen, en resulteert in een 

verschuivingg richting een Thl-gemedieerde immunologische afweer, zoals aangegeven 

doorr een verhoogde productie van het Thl-type cytokine IFN-y. Deze resultaten 

ondersteunenn de hypothese dat IL-12 gebruikt zou kunnen worden als een additionele 

behandelingg in infecties waarbij een celgemedieerde immuunreactie beschermend is. 

Inn hoofdstuk 5 werd de rol van IL-12 en IL-18 tijdens superantigeen-geïnduceerde 

ontstekingsreactiess bestudeerd door intraperitoneale toediening van staphylococcal 
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enterotoxinn B (SEB), een product van de Staphylococcus aureus, aan IL-12p40-gen 

deficiëntee (IL-12p40"'") en wild-type (WT) muizen, al of niet in combinatie met anti-IL-18-

serumm of controleserum. We vonden dat gedurende SEB-geïnduceerde ontsteking de rol 

vann IL-12 beperkt is tot het aanzetten van de late synthese van IFN-y, welke geschiedt via 

eenn IL-18-onafhankelijk mechanisme, zonder de synthese van andere cytokinen of de 

proliferatiee en deletie van SEB-reactieve Vp8+ T cellen te beïnvloeden. 

HoofdstukkenHoofdstukken 6 en 7 bestuderen de bijdrage van IL-12, IL-18 en IFN-y in de afweer 

tegenn gelokaliseerde infecties in een pneumoniemodel in muizen door intranasale 

toedieningg van Streptococcus pneumoniae, de meest frequente verwekker van bacteriële 

pneumonie,, aan IL-18"7" en WT muizen, met of zonder een anti-IL-12-antistof of controle-

eiwitt (hoofdstuk 6), en in IFN-y receptor deficiënte (IFN-yR"'"), IFN-y"'" en WT muizen 

(hoofdstuk(hoofdstuk 7). Hoewel de uiteindelijke overleving tussen IL-18' and WT muizen niet 

verschilde,, hadden IL-18"'" muizen meer bacteriën in hun longen op 24 en 48 uur na infectie 

enn vertoonden ze eerder progressie tot systemische verspreiding van de infectie. Dit 

verschill  in bacteriële uitgroei was niet het gevolg van een defect in het vormen van een 

ontstekingsreactiee of de influx van granulocyten in de long. Toediening van anti-IL-12 had 

geenn invloed op de bacteriële uitgroei, noch in IL-18", noch in WT muizen. Ook IFN-yR" 

enn IFN-y'" muizen waren niet meer vatbaar voor, of zelfs iets beschermd tegen 

pneumococcenn pneumonie ten opzichte van hun WT controles. Resultaten van deze studies 

tonenn aan dat IL-18, onafhankelijk van IL-12 en IFN-y, belangrijke regulerende activiteiten 

heeftt tijdens immmmreacties tegen gelokaliseerde bacteriële infecties in vivo en daarom 

niett alleen als een IFN-y-inducerend cytokine moet worden beschouwd. 

IFN-yy behandeling vermindert de kans op infecties in patiënten met chronische 

granulomateuzee ziekte en er is beschreven dat het gunstige effecten heeft tijdens 

(chronische)) mycobacteriële infecties. In hoofdstuk 8 beschrijven we dat IFN-y 

behandeling,, ondanks deze eerdere resultaten, geen gunstig effect had in het genezen van 

localee laesies ten gevolge van Mycobacterium avium infecties in twee Hl V-geïnfecteerde 

patiënten.. Dit zou verklaard kunnen worden door het feit dat IFN-y niet in staat is de 

productiee van Thl type cytokinen te stimuleren in deze patiënten. 

Inn hoofdstuk 9 tonen we aan dat toediening van endotoxine (lipopolysaccharide, LPS), 

eenn celwandbestanddeel van Gramnegatieve bacteriën, resulteert in een verschuiving 

richtingg een Th2 type cytokine respons. Volbloed, verkregen van gezonde vrijwilligers 3 en 

66 uur na een injectie van een lage dosis LPS, produceerde minder IFN-y en IL-2 (Thl 

cytokinen)) na stimulatie in vitro met specifieke T cel-stimuli, terwijl de productie van de 

Th22 cytokinen IL-4 en IL-5 niet werd beïnvloed, of zelfs iets was toegenomen. Stimulatie 

vann normaal bloed met serum verkregen na LPS toediening, kon deze effecten nabootsen, 

watt suggereert dat serumfactoren een rol spelen in dit effect. 
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HoofdstukkenHoofdstukken 10, 11 en 12 zijn studies over verschillende immuunreacties tijdens 

melioidose,, een ernstige infectie veroorzaakt door de Gramnegatieve bacterie Burkholderia 

pseudomallei.pseudomallei. In hoofdstuk 10 wordt de productie van IFN-y en de IFN-y-inducerende 

cytokinenn IL-18, IL-12 en IL-15 tijdens melioidose beschreven. We vonden verhoogde 

plasmaconcentratiess van IFN-y, IL-18, IL-12p40 en IL-15 in melioidosepatiënten bij 

opnamee ten opzichte van gezonde controles, en deze cytokinen bleven verhoogd 

aantoonbaarr tot aan het einde van de 72-uur durende studie periode, terwijl IL-12p70 niet 

aantoonbaarr was in het merendeel van de patiënten. Patiënten met positieve bloedkweken 

haddenn significant hogere plasmaspiegels van deze cytokinen ten opzichte van patiënten 

mett lokale melioidose zonder positieve bloedkweken. Volbloed stimulaties in vitro met 

hittegedodee B. pseudomallei suggereerden dat de verhoogde plasmaconcentraties van IFN-y 

tijdenss melioidose ten minste voor een deel het resultaat waren van de activiteit van 

endogeenn geproduceerd IL-18, IL-12 en IL-15. 

Inn hoofdstuk 11 werd de synthese van de twee CXC chemokinen 'IFN-y-inducible 

protein-10'' (IP-10) en 'monokine induced by IFN-y' (Mig), die een specifieke stimulerende 

enn aantrekkende werking hebben op geactiveerde T lymfocyten en NK cellen en waarvan 

dee productie in vitro in sterke mate gereguleerd wordt door IFN-y, bestudeerd tijdens 

melioidose.. We toonden aan dat plasmaspiegels van zowel IP-10 en Mig sterk verhoogd 

warenn tijdens melioidose, vooral in patiënten met positieve bloedkweken, en deze waarden 

vertoondenn een positieve correlatie met plasmaspiegels van IFN-y. Volbloed incubatie met 

hittegedodee B. pseudomallei stimuleerde de verhoogde synthese van IP-10 en Mig. Ook 

incubatiee met andere Gramnegatieve en Grampositieve bacteriën, en LPS afkomstig van 

EscherichiaEscherichia coli resulteerde in dit effect. We hebben aangetoond dat de productie van IP-10 

enn Mig voor een deel het gevolg was van de productie van IFN-y, tumor necrosis factor-a 

(TNF),, IL-12 en IL-18. Deze data maken waarschijnlijk dat de productie van IP-10 en Mig 

deell  uit maakt van de aspecifieke immuunreactie tegen bacteriële infecties en bijdraagt aan 

eenn Thl-gemedieerde immuun respons tijdens infecties door het aantrekken van CXCR3+ 

Thll  cellen naar de plaats van ontsteking. 

HoofdstukHoofdstuk 12 beschrijft de rol van cytotoxische lymfocyten tijdens bacteriële infecties 

inn mensen door middel van het meten van het vrijkomen van granzymen tijdens 

experimentelee endotoxinemie in gezonde vrijwilligers en in patiënten met melioidose. 

Plasmaspiegelss van granzyme A (GrA) en GrB vertoonden een tijdelijke stijging na 

toedieningg van LPS [toediening] met een piek na 2-6 uur. In melioidosepatiënten met 

positievee bloedkweken waren GrA en GrB concentraties in plasma verhoogd bij opname en 

blevenn verhoogd tijdens de 72-uur durende studieperiode. Het vrijkomen van granzymen 

konn in vitro geïnduceerd worden door meerdere bacteriële stimuli, en dit was in belangrijke 

matee afhankelijk van de productie van TNF en IL-12. Resultaten van deze studie geven aan 
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datt er een interactie bestaat tussen het cytokine netwerk en granzymen, wat een belangrijke 

roll  zou kunnen spelen in de regulatie van de afweer tegen bacteriële infecties. 

Inn hoofdstuk 13 worden de effecten van het prototype ontstekingsremmende (anti-

inflammatoire)) cytokine IL-10 tijdens humane experimentele endotoxinemie beschreven. 

Dee klinische effectiviteit van IL-10 als nieuwe adjuvantbehandeling wordt momenteel 

geëvalueerdd in klinische patiëntenstudies. Toediening van IL-10, vooral wanneer gegeven 

naa LPS injectie, had een verrassende stimulerende werking op de LPS-geïnduceerde IFN-y 

productie,, wat samenging met verhoogde plasmaspiegels van IP-10, Mig en granzymen, 

terwijll  IL-10 de productie van IFN-y-inducerende cytokinen remde of niet beïnvloedde. 

Dezee data tonen aan dat toediening van hoge dosis IL-10 in patiënten met chronische 

ontstekingsziektenn kan leiden tot ongewenste ontstekingsbevorderende effecten. 

Inn hoofdstuk 14 hebben we het effect van het stresshormoon adrenaline op de productie 

vann IL-12 en IFN-y tijdens volbloed stimulaties in vitro bestudeerd. Er werd een sterke 

remmingg van de LPS-gestimuleerde synthese van IL-12 gevonden door toevoeging van 

adrenalinee en, indirect, ook van IFN-y, hetgeen gemedieerd werd via een stimulerend effect 

vann adrenaline op de (5-adrenerge receptoren. Tijdens de acute fase van een ontsteking kan 

adrenalinee niet alleen de overmatige productie van proinflammatoire cytokinen remmen, 

maarr ook bijdragen aan een verminderde Thl type immuunrespons door de remming van de 

synthesee van IL-12. 

Discussie e 

Studiess in dit proefschrift tonen aan dat tijdens bacteriële infecties de productie van IL-12, 

IL-188 en IFN-y is toegenomen en beschrijven de rol van deze cytokinen in de regulatie van 

immunologischee responsen in verschillende experimentele bacteriële infectiemodellen in 

muizen.. De vraag die hieruit voortvloeit is wat de klinische betekenis van deze resultaten is. 

Inn eerdere studies is aangetoond dat hoge plasmaspiegels van proinflammatoire cytokinen 

alss TNF en IL-1 bijdragen tot het ontstaan van orgaanschade en mortaliteit tijdens 

experimentelee sepsis en endotoxinemie. Daarentegen heeft het anti-inflammatoire cytokine 

IL-100 een beschermende werking tijdens systemische infecties, voornamelijk door remming 

vann de activiteit van proinflammatoire cytokinen. Het is echter belangrijk te realiseren dat 

intraveneuzee toediening van LPS of levende bacteriën tijdens experimentele sepsis 

modellenn resulteert in a relatief directe systemische ontsteking, terwijl sepsis in patiënten 

meestall  ontstaat na een aanvankelijk gelokaliseerde infectie. Daarom is het moeilijk 

resultatenn van experimentele sepsismodellen direct door te trekken naar de kliniek en is het 

belangrijkk om ook inzicht te krijgen in de rol van deze mediatoren tijdens lokale 

ontstekingsprocessen.. In de vroege fase van een gelokaliseerde infectie is juist de lokale 
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productiee van proinflammatoire cytokinen belangrijk gebleken voor een adequate bacteriële 
afweer. . 

Overeenkomstigg met deze eerdere bevindingen, vonden we een sterk verhoogde 

productiee van IL-12, IL-18 en IFN-y in patiënten met ernstige bacteriële infectie en de 

hoogtee van deze plasmaspiegels correleerden met de ernst van de ziekte. Deze cytokinen 

speeldenn ook een rol in de activatie van andere ontstekingscascades, zoals de productie van 

chemokiness en de activatie van cytotoxische lymfocyten. Daarentegen vonden we dat IL-18 

lokaall  in de long een belangrijke bijdrage had aan de vroege anti-bacteriële afweer tijdens 

pneumococcenn pneumonie in muizen, terwijl in dit model IL-12 en IFN-y geen duidelijke 

beschermendee werking hadden. Samenvattend kunnen we zeggen dat, net als bij andere 

proinflammatoiree cytokinen, hoge systemische concentraties van IL-12, IL-18 en IFN-y 

kunnenn leiden tot orgaanschade en het ontstaan van sepsis, terwijl deze cytokinen lokaal, in 

iederr geval tijdens sommige infecties, belangrijk zijn voor de anti-bacteriële afweer. 

Cytokinenn spelen een essentiële rol in de regulatie van immuunresponsen tegen 

infectieuzee pathogenen. Het type immuunreactie dat effectief zal zijn, wordt in belangrijke 

matee bepaald door het soort pathogeen en de lokalisatie van de infectie. Studies in dit 

proefschriftt bieden meer inzicht in de rol van IL-12, IL-18 en IFN-y tijdens klinische 

bacteriëlee infectie en tijdens systemische en lokale infectiemodellen. Hoewel IL-12, IL-18 

enn IFN-y meestal alleen in de context van elkaar worden gezien, tonen studies in dit 

proefschriftt aan dat ieder afzonderlijk cytokine een sterke activator is van bepaalde 

immuunresponsenn en kan bijdragen aan een adequate afweerreactie tijdens (bacteriële) 

infecties. . 
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datdat ik, ondanks het plan hier maar voor een paar maanden te blijven, tot nu toe op de 

afdelingg ben blijven hangen en er met veel plezier heb gewerkt. 

Sanderr van Deventer bedank ik voor zijn begeleiding en leerzame besprekingen. Je 
kenniss over allerlei uiteenlopende zaken verrast me steeds weer. 

Professorr Speelman ben ik dankbaar voor de ondersteuning en het vertrouwen dat dit 
promotie-onderzoekk tot een goed einde zou komen. 

Zoalss al aangegeven heb ik met veel plezier aan mijn promotie gewerkt, wat met name 

komtt door de aanwezigheid van mijn collega-AIO's. In onze subtropische AIO-kamer, 

maarr ook daarbuiten, heb ik met julli e een heel gezellige tijd gehad. Tessa (altijd bereid om 

evenn te helpen en bovendien heel gezellig om mee te kletsen), Pascale (je bent ontzettend 

gezelligg om mee samen te werken, ook al heb je me een keer laten staan), Nicole (je hebt 

somss heerlijk relativerende opmerkingen), Margriet (altijd paraat met hulp en voor een 

gesprekje)) en natuurlijk Dariusz (mijn maatje vanaf het allereerste begin en mijn paranimf), 

mett wie ik bijna mijn gehele tijd hier heb doorgebracht, en natuurlijk Anita, Petra en Mare, 

bedanktt voor julli e gezelligheid en julli e bereidheid om altijd even met hulp bij te springen. 

Daarnaastt wil ik ook Bibi, Jaklien, Luisa, Bernt, Gijs, Judith, Bas, Pieter S, Benien en Olie 

bedankenn voor een gezellige tijd. Vervolgens bedank ik Anje, Adrie, Joost, Anita de Boer, 

Miekee en Nita zonder wiens hulp ik mijn experimenten niet had kunnen uitvoeren en alle 

anderee medewerkers van G2 voor een prettige tijd op de afdeling. 

Daarnaastt bedank ik Erik Hack en zijn medewerkers voor de mogelijkheid om op het 

CLBCLB bepalingen te (laten) doen, Sandrine Florquin, Jan Prins en Andrew Simpson en 

collega'ss voor een prettige samenwerking. 

Vervolgenss mijn Geneeskunde-vrienden met wie ik al jaren vele leuke tijden beleef: 
Jessee (mijn 'lotgenoot' waardoor we elkaar goed begrijpen), Gabor, Martine en Marlies, 
bedanktt voor julli e gezelligheid (O.P. viert hoogtij !). 

Manon,, mijn andere paranimf die ik al vele jaren ken en bovendien ook bijna 5 jaar 
mijnn huisgenoot was, en Annemieke, die op het laatste moment nog een essentiële bijdrage 
heeftt geleverd aan mijn boekje, bedankt voor julli e vriendschap. 
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Tenslottee wil ik mijn familie bedanken. Mama en papa, die altijd voor me klaar staan en me 

bovendienn alle vrijheid hebben gegeven, mijn zusjes Cecile en Mandy die altijd voor een 
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