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Zusammenfassung

Eine Entzündung ist ein physiologischer Prozess des Korpers, der dazu dient, das

pathogene Agens zu eliminieren, Gewebeschaden auf ein Minimum zu

reduzieren und letztendhch die Homöostase wieder herzustellen, soweit dies

überhaupt noch möglich ist Entzündungen beruhen auf einem komplexen

Zusammenspiel verschiedener Zelltypen Wichtige Partner sind Granulozyten,

Lymphozyten, Endothelzellen und Makrophagen Das Zusammenwirken der

verschiedenen Zelltypen ist einer strengen Kontrolle unterworfen, die zumindest

teilweise von einer Gruppe von sekretierten, niedermolekularen (Glyko-)

Proteinen vermittelt wird, die unter dem Begriff "Zytokine" zusammengefasst

werden Im Normalfall sind Entzündungen transiente Prozesse, welche jedoch in

pathologischen Fallen einen chronischen Verlauf annehmen können

Bei Versagen der subtilen Steuerungsmechanismen können die körpereigenen

Prozesse mitunter grosseren Schaden anrichten, als das verursachende Pathogen

selbst Die Zielsetzung der vorliegenden Arbeit war eine weitergehende

Charakterisierung der Funktion, die Zytokine in einzelnen Phasen der

Entzündung ausüben Dazu wurden je ein in vitro Modell für Endothelzellen und

eines für Makrophagen verwendet

1. Leukozyten Extravasaten

Die Einwanderung von Leukozyten in Entzündungsherde wird haupsachlich

durch das Endothelium, beziehungsweise durch die Expression bestimmter

Zelladhasionsmolekule, gesteuert Man weiss bereits recht viel über die

Induktion solcher Adhasionsmolekule, wogegen die Mechanismen, welche zu

einer Abschaltung ihrer Expression fuhren, noch nicht sehr präzise bekannt sind

In der vorliegenden Arbeit wird gezeigt, dass IL-4 und IL-13 durch die zeitliche

Beschrankung der E-Selektin Expression das sogenannte "Rolling", ein erster

Schritt bei der Extravasation von Leukozyten, vermindern Die frühe Phase der

E-Selektin Transkription und Translation, ausgelost durch TNF, wird nicht

beeinflusst

2. Reduzierte antimikrobielle Aktivität von TNF/LTa defizenten

Makrophagen gegen Listerien

In dieser Arbeit wurden aus Knochenmarks-Stammzellen in vitro differenzierte

Makrophagen, die mit Listerien (Listeria monocytogenes, LM) infiziert wurden,

als Modell verwendet TNF/LTa defiziente Makrophagen zeigen nach einer

Vorbehandlung mit IFNy/LPS und nachfolgender Infektion mit LM eine

auffallende Reduktion ihrer antimikrobiellen Kapazität Sie verlieren im
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Gegensatz zu Makrophagen aus Knochenmark von wt Mäusen die

Wachstumskontrolle über den intrazellulär lebenden Mikroorganismus. Zwar

konnte durch Hemmung der NO Produktion gezeigt werden, dass dieses

Effektormolekül zu einer effizienten Wachstumskontrolle von LMnötig ist, dies

bietet aber noch keine ausreichende Erklärung für den Unterschied zwischen wt

und ko Makrophagen, zumal die Spiegel ihrer NOProduktion vergleichbar sind.

Eine Analyse der Zytokinprofile ergab bei ko Makrophagen einen ungefähr

zehnmal höheren Spiegel an TGFß Transkripten im Vergleich zu wt

Makrophagen. Der hemmende Einfluss von TGFßauf die Superoxid-Produktion

in Makrophagen konnte in früheren Arbeit gezeigt werden. Unsere Daten zeigen

damit, dass die reduzierte antimikrobielle Kapazität von TNF/LTa defizienten

Makrophagen auf eine beeinträchtigte Superoxid-Produktion zurückzuführen ist.

Peroxynitrit, das Produkt der Reaktion von NOund Superoxid, erhält damit

Bedeutung als mögliches neues antimikrobielles Effektormolekül.

3. IFNy/LPS induzierte NOProduktion in Makrophagen

Stickoxid (NO) ist für den Wirtsorganismus ein potentiell gefährliches Molekül.

Es unterliegt deshalb einer strengen Regulation. In dieser Arbeit konnten wir

zeigen, dass LPS und TNF die NO-Produktion durch mindestens teilweise

unterschiedliche intrazelluläre Signalwege auslösen. Die durch LPS induzierte

Transkription des Enzyms iNOS hängt von der Aktivierung der p38 MAPkinase

ab und kann durch deren Hemmung stark vermindert werden. Die TNF-

induzierte iNOS Transkription wird duch diese Hemmungjedoch praktisch nicht

beeinträchtigt. Im weiteren konnte gezeigt werden, dass in diesem Modell der

synergistische Effekt von IFNy für eine effiziente NOProduktion unabdingbar

ist.
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Summary

Inflammation is a physiological process of the body which is started to remove

pathogenic agents, restnct tissue damage to a minimum and eventually to restore

homeostasis as far as possible It rehes on a complex interplay between

numerous cell types including endothelial cells and macrophages These

interactions are subject to a tight control which is at least partly mediated by a

family of secreted low-molecular-weight (glyco-) proteins termed cytokines

Although an inflammation usually is of transient nature, it may become chronic

If the subtle regulatory mechanisms are lost or misguided, a normally beneficial

inflammation can cause more härm to the host than the pathogenic agent ltself

The main goal of this work was to further charactenze the role of cytokines in

two different in vitro modeis (endothelial cells and macrophages) that are

important in distinct stages of the inflammatory cascade

1. Leukocyte extravasation

Leukocyte recruiting to inflammatory Sites is governed by the endothelium,

expressing a defined pattern of adhesion molecules in response to inflammatory

Stimuli While much is known about the induction of adhesion molecules hke E-

selectin, the mechanisms down-regulating their expression and thus hmiting the

inflammatory process are less clear Wepresent evidence that IL-4 and IL-13

downregulate the rolling adhesion of leukocytes to activated endothelial cells by

hmiting the penod of E-selectin expression Early E-selectin mRNA

transcription and protein expression is, however, not affected Our data suggest

that IL-4 and IL-13 restnct the acute phase of leukocyte extravasation by

Controlling the rolling adhesion by hmiting the interval of E-selectin expression

2. Reduced antilisterial activity of TNF/LTa deficient bone marrow-

derived macrophages

TNF/LTa deficient macrophages show a striking susceptibihty to infection with

Listeria monocytogenes (LM) To investigate possible reasons for this, bone

marrow denved macrophages from wt and knockout mice were subjected to in

vitro infections with LM After activation with IFNy/LPS and subsequent

infection only wt macrophages were able to control the growth of intracellular

LM NO is necessary for LM killing as demonstrated by Inhibition of NO

production, which led to a loss of LMgrowth control, however, the levels of NO

formation are similar between wt and knockout macrophages Analysis of the

cytokine pattern revealed that TGFß transcript levels are about lOx higher in
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knockout macrophages compared to wt TGFß is known to downregulate

Superoxide production in macrophages Therefore, our data suggest that the

reduced anti-hstenal activity of knockout macrophages is hnked to an impaired

Superoxide formation and additionally imply a role of peroxynitnte as

microbicidal effector molecule

3. IFNy/LPS triggered NOformation in macrophages

The production of nitric oxide is potentially harmful for the host Uself and is

therefore tightly regulated In this study we present evidence that LPS and TNF

use at least partially different signalhng pathways, inducing iNOS transciption

While LPS triggered iNOS transcription strongly depends on the activation of

p38 MAPkinase, lts blockade does not affect TNF induced iNOS transcription

Additionally, in bone marrow denved macrophages the priming effect of IFNy is

an absolute requirement to render a second Stimulus (LPS or TNF) efficient in

terms of NOproduction



Chapter 1

1. Inflammation

1.1. What is inflammation?

One of the body's defence mechanisms - probably its most important - is the

inflammatory reaction. Approximately two hundred years ago it was recognized
that inflammation itself is not a disease of any kind but rather a beneficial,

protective process elicited by a vast array of agents.

table 1. inflammatory Stimuli

mechanical:

physical:

chemical:

biological:

endogenous:

• injury

• pressure

• foreign body
• ionising radiation

• UVlight
• temperature

• acids

• bases

• heavy metals

• bacterial toxins

• allergens
• immune complexes
• microorganisms
• parasites
• tumors

• enzymatic malfunctions

• toxic metabolic products

The purpose of an inflammation is first to Iocalize and remove the causative

agent, to limit tissue injury and subsequently to restore the tissue as close as

possible to normality. In contrast to the variable nature of possible Stimuli, the
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immediate tissue reaction is astonishingly stereotyped. The acute inflammatory

response Starts within minutes and lasts for days or a few weeks. Chronic

inflammation lasts for months or even years and it may arise from acute

inflammation or it Starts to be chronic from the very beginning. The stereotyped
nature of the acute tissue reaction can at least partly be explained by the release

of mediators, which exert effects on the vascular endothelium and circulating

leukocytes passing near the inflammatory site. Cytokines are one group of the

above mentioned mediators. Their properties and functions in regulating and co-

ordinating inflammation will be descnbed later.

There are four possible outcomes to the acute inflammatory reaction: (1)

resolution with a return to homeostasis, (2) suppuration with abscess formation,

(3) healing with regeneration of parenchymal cells, if this is possible, or healing
with the formation of fibrous tissue producing a scar, (4) persistence of the

causative agent with the inflammatory process becoming chronic. A general
scheme of such a process is given in fig. 1.

Resolution

No tissue loss

A^ \
Organization of

fibnnous exudate Repair

\ /
,

Fibrosis

flg. 1.(114) p. 114



-3-

1.2. The inflammatory cascade

Infectious agents like bacteria or viruses may enter the body through a number of

natural routes (e.g. the respiratory tract, the gastrointestinal tract and the

genitourinary tract) or via unnatural routes like lesions in mucous membranes

and skin. If both, the load of infectious agents and its virulence are low, local

tissue phagocytes are probably sufficient to mount a nonspecific defence and

clear the causative agent. Larger inoculums or organisms with a higher virulence

tend to induce an immune response. The local changes in such an inflammatory

reaction occur in the microcirculation, principally at the level of capillary and

post-capillary venules (114) p. 112 and consist of increased vascular

permeability, altered expression of cell adhesion molecules on endothelial cells,

chemotactic attraction, activation and transmigration of leukocytes.

An acute inflammatory response may be triggered by activation of tissue resident

phagocytes through LPS, a cell wall component of gram-negative bacteria (72).

This provokes the secretion of quite a number of proteins and other agents

among them the proinflammatory cytokines IL-1, IL-6 and TNF (100).

Subsequently, IL-1 and TNF lead to an activation of fibroblasts and endothelial

cells and a second release of cytokines by these cells. The combined action of

these proinflammatory agents mediates the above mentioned local changes ,
thus

initiating focal leukocyte recruitment (111,112, 114).

1.3. Leukocyte-endothelial cell adhesion molecules

Cell adhesion molecules, which play a role in endothelial-leukocyte interactions,

can be divided in four families (90). The selectins are a group of Ca2+-dependent

carbohydrate-binding transmembrane proteins consisting of three closely related

members of the selectin familiy, namely E(ndothelial)-, L(eukocyte)- and

P(latelet)-selectin. The names derive from the cell type they were originally

discovered on. E- and P-selectin are expressed on activated endothelial cells and

L-selectin is constitutively expressed on leukocytes (103, 155). The selectin

ligands are an emerging family characterized by their rieh glycosylation via O-

and N-linked carbohydrates. Integrins are a superfamily of transmembrane

glycoproteins predominantly found on the surface of leukocytes (54). Integrin

expression seems to be widely distributed; at least one member of this family has

so far been found on every cell/tissue type examined (3). Integrins are

heterodimers consisting of noncovalently associated a and ß subunits.

Remarkably, most integrins require a conformational change to aquire füll
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adhesive function (59). The largest group of endothelial adhesion molecules

belongs to the immunoglobulin superfamily. Some of these molecules are

involved in homotypic interaction, others serve as counterparts for a4 and ß2

integrins (59, 103, 146, 155). Table 2 shows a selection of adhesion molecules

relevant to inflammation.

adhesion molecule main distribution ligand(s)

P-selectin

E-selectin

L-selectin

VLA-1

VLA-4

LFA-1

Mac-1

platelets, endothelial cells

endothelial cells

leukocytes

leukocytes

leukocytes

leukocytes

leukocytes

sialyl-Lewisx,

sialyl-Lewisa, L-selectin

sialyl-Lewisx,

sialyl-Lewisa, L-selectin

sialyl-Lewisx,

sialyl-Lewisa, GlyCAM,

MadCAM

Collagen, laminin

VCAM-l,fibronectin

ICAM-1, ICAM-2

ICAM-1

table 2



1.4. The multistep paradigm of inflammatory cell recruitment

Nowadays it is firmly established that the focal recruitment of inflammatory cells

consists of a series of distinct Steps each governed by a set of cytokines and cell

adhesion molecules (90). The classical Steps of this model may be summarized as

follows, "rolling - activation - adhesion - transcellular migration" (17, 145). A

general scheme of this sequential process is shown in flg. 2.

TNFand

trauma

induced

TNF, IL-1,
LPS

CD18 hgation
enhances

activation

fig. 2. (from (90)). Flow chart depicting the sequence and decision points in

leukocyte recruitment.
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1.4.1. Margination

Margination is the term for a phenomenon encountered when observing

leukocytes flowing through venules. Leukocytes have the tendency to flow rather

in the periphery than the center of the bloodstream. This margination is caused

by interactions between individual red and white blood cells (90).

1.4.2. Capture

First interactions between endothelial cells and leukocytes are reversible and

mediated by members of the selectin family (93). L-selectin seems to play a

pivotal role in this step. Evidence for this is provided by a number of facts:

established rolling of neutrophils on purified E-selectin cannot be blocked by L-

selectin antibodies, but L-selectin becomes important if rolling has to be initiated

from the free-flowing State (88); for an effective attachement of neutrophils in a

flow Chamber localization of L-selectin in the tips of microfolds on neutrophils

seems to be compulsary (166). However, the synergism between L-selectin and

the vascular selectins observed in some modeis can also be explained by the

stepwise and partially overlapping requirements for L-selectin (capture) and

P-/E-selectin (rolling) (71,91, 125). Nevertheless, it must be noted that the role

of L-selectin in leukocyte capture is not exclusive, since leukocyte rolling is not

absent in L-selectin-deficient mice immediately after tissue exteriorization which

is known to promote P-selectin expression (6,44,91).

1.4.3. Rolling

The finding that charged carbohydrates can inhibit rolling together with the fact

that selectins bind to glycosylated ligands implicated their involvement in the

rolling of leukocytes on endothelial cells (92, 154). Further studies using

blocking antibodies revealed the role of P-selectin in early leukocyte rolling (33,

91, 119). In general, P-selectin seems to be responsible for early rolling while E-

and L-selectin come into play at a later time (82, 91, 94). The difficulty in

assigning the mediation of rolling to one or the other selectin is probably caused

by the redundancy between them (82). The possibility to dissect and solve this

problem was at hand when knockout mice deficient in one or the other selectin

became available (81). Another line of evidence stressing the importance of

selectins at this step of leukocyte recruitment stems from a rare congenital defect,

termed leukocyte adhesion deficiency II (LAD II). The defect lies in the
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glycosylation (more precisely in the fucose processing) which causes a lack of

functional selectin ligands. Neutrophils of these patients fail to roll in an assay

employing inflammed rabbit mesenteric venules (40). The patients suffer from

severe recurrent bacterial infections.

Recent reports reveal the possibility that there may also exist selectin-

independent mechanisms of rolling. Eosinophils, for example, were shown to roll

in inflammed venules using a4 integrins (147).

1.4.4. Activation

Upon rolling leukocytes are slowed down and brought into close contact with the

endothelium. This allows them to scrutinize the surface of endothelial cells (90).

So far the rolling does not automatically trigger an activation of leukocytes (89).

A further requirement for activation of leukocytes is the presence of cytokines

(e.g. IL-8, MCP-1) and other factors such as PAF, C5a etc. Some of them are

known to be produced by activated endothelium, for example IL-8 and MCP-1

(50, 90). In the case of neutrophils, IL-8 seems to be the most important

endogenous chemoattractant (18). One crucial feature seen in activation of

leukocytes is the gaining of füll adhesiveness of the ß2 integrins LFA-1 and

Mac-1 (29, 34). Apart from soluble activators ligation of a number of adhesion

receptors has also been shown to elicit neutrophil activation either alone or in

combination with chemokines. This has been clearly shown for ß2 integrins in a

variety of Systems (13, 21).

1.4.5. Firm Adhesion

The prerequesite of leukocyte activation becomes clear in this step of the

recruiting. Rolling of activated neutrophils is converted to firm adhesion mainly

via binding of the two ß2 integrins, Mac-1 and LFA-1, to their recptors on

endothelial cells, ICAM-1 and ICAM-1/2, respectively ((30, 35, 148). The

absence of CD18 (ß2 subunit) consequently abolishes any neutrophil recruitment.

Life-threatening bacterial infections are among the severe pathologies seen in

patients who suffer from this leukocyte adhesion deficiency type I (LAD I) (4).

A different adhesion pathway still functional in LAD I patients occurs via the

binding of a4 integrins to VCAM-1. This has been shown for eosinophils,

lymphocytes and monocytes (38).
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1.4.6. Transmigration

Successful recruitment eventually leads to transmigration of leukocytes. Based

on studies using blocking antibodies PECAM-1 is thought to play a central role

((115, 160). However, it is not yet clear if leukocytes use a trans- or a

paracellular route in vivo (90). Once in the subendothelial matrix leukocytes are

guided along gradients of chemoattractants to the actual site of inflammation

where they accumulate and phagocyte the infectious agent(s) (19). How this

movement is achieved is not fully clear. Numerous ßl integrins expressed on

activated lymphocytes have been demonstrated to be receptors for extracellular

matrix (ECM) proteins (59). Although neutrophils do not express the entire set of

ßl integrins, they may alternatively use ß2 integrins (15, 75, 169). Furthermore,

after diapedesis neutrophils are able to express increased amounts of ßl integrins

(78).

Taken together all the facts, the sequential interactions between different cell

adhesion molecules governed by cytokines enables the immune System to

precisely tune leukocyte recruitment. Changes in the expression pattern of

adhesion molecules and the presence or absence of soluble mediators can

profoundly influence the set of leukocyte recruited to the site of inflammation

(14).
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1.5. Cytokines

The discovery of cytokines and their activities goes back to the mid-sixties when

supernatants derived from in vitro cultures were found to contain biologically

active factors that could regulate proliferation, differentiation and maturation of

various types of lymphoid cells and accessory cells (79) p300). This functional

identification approach for cytokines soon led to an enormous number of reports

each attributing a certain function to a specific factor. Only the rapid progress in

biochemical and molecular characterization of cytokines allowed a more

systematic look at this bewildering sea of factors. In parallel this analysis

revealed some general principles concerning the regulation of the immune

system. These principles are known as pleiotropy, redundancy, synergism and

antagonism. Pleiotropy means a given cytokine has different - sometimes even

opposing - effects on different target cells. On the other hand if different

cytokines mediate very similar function(s) they are said to be redundant.

Synergism occurs when two cytokines amplify a cellular activity more than the

added individual effects. In a case of antagonism one cytokine attenuates or

blocks the effect of another cytokine.

Cytokines form a superfamily of low-molecular-weight (glyco-)proteins secreted

by white blood cells and a variety of other cells in the body in response to a

number of inducing Stimuli. They elicit their actions through binding to specific

high affinity receptor(s). The dissociation constants ränge between 10-10 and

10"12M (79) p298). Due to this high affinity cytokines already display biological

effects at picomolar concentrations. Like hormones in the endocrine System,

cytokines serve as messengers in the immune System. In contrast to hormone

synthesis cytokine production is not constitutive but a carefully regulated

process. In addition they usually act locally in an autocrine and/or paracrine

manner and co-ordinate the complex interplay between lymphoid, inflammatory
and hematopoietic cells which is crucial for an efficient and effective immune

response.

1.5.1. Different cytokine patterns from T helper cell subsets

With the discovery of IL-4 it became clear that T cell clones may be grouped into

ThO-type, Thl-type and Th2-type clones, classified solely on the basis of their

cytokine production profile (113). ThO-type cells can express the entire array of

T-cell-derived cytokines and they may represent an intermediate stage in the

differentiation of naive T-cells into Thl and Th2 cells in response to antigen
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interaction (151, 152,170). The distinction between Thl and Th2 cells reflects a

final differentiation stage of CD4+ cells after repeated antigenic Stimulation.

Differences in the cytokine profile and the principal functions of Thl and Th2

subsets are summarized in table 3.

table 3

cytokine secretion Thl Th2

IL-2 +

IFNy ++

LT« ++

GM-CSF ++ +

IL-3 ++ ++

IL-4 - ++

IL-5 - ++

IL-10 - ++

IL-13 - ++

functions

B-cell help (total Ig) + ++

help for IgE - ++

help for IgG2a ++ +

eosinophil and mast cell production - ++

macrophage activation ++

Tc-cell activation ++

delayed-type hypersensitivity ++

adapted from (129)

1.5.2. Interleukin 4

HumanIL-4 is a glycoprotein with a molecular weight of 14-19 kDa, depending

on the degree of glycosylaüon. Recombinant forms containing no carbohydrate

moieties are fully biologically active (173). IL-4 is a globular and highly

compact molecule with a hydrophobic core. Secondary structures found are a

left-handed four-a-helix bündle with two overhand connections including a two-

stranded antiparallel ß-sheet (168). The structural Organization on this level is
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very similar compared to human growth hormone and GM-CSF, although the

primary sequence between these molecules shows httle similanty (128, 171)

Correspondingly, the receptors for all three growth factors belong to the same

family of hematopoietic growth factor receptors, all possessing repeats of

fibronectin type IH-like domains The IL-4R binds its ligand at a 1 1

stoichiometry (57) IL-4 is mainly produced by Th2 cells, although there is

increasing evidence for a number of non-T cells which are able of secreting IL-4

IL-4 is an important cofactor for mature B cell growth (58) Alone or together
with co-stimulatory Signals, IL-4 rescues B cells from apoptosis (10, 98) With

regard to the Ig production, IL-4 Supports IgE and IgGl in murine and IgE and

IgG4 in human cells in response to Signals received through CD40 (7, 45, 60,

149) Strong evidence concerning the importance of IL-4 for Ig production stems

from a IL-4 mouse knockout model, where no basal IgE production nor IgE

induction in response to parasite infection is observed (80) In mature T cells,

IL-4 is co-stimulatory under certain conditions and Supports the differentiation of

CD4+ into Th2-type cells and simultaneously suppresses the development of

Thl-type cells (121) On monocytes IL-4 acts in an anti-inflammatory manner

The production of a number of pro-inflammatory cytokines e g IL-1, IL-6, IL-12

and TNF is suppressed (22, 25, 32, 53, 55, 117, 162) In parallel the synthesis of

IL-1 receptor antagomst is enhanced ((42, 159) With regard to inflammatory

processes another important feature of IL-4 is the upregulation of VCAM-1 on

endothelial cells (153), which mitiates the selective extravasation of VLA-4

expressing leukocytes like eosinophils

1.5.3. Interleukin 13

The secreted mature form of human IL-13 is a 112 amino acid protein A N-

glycosylated species is also observed Despite the fact that IL-13 and IL-4 share

most of their biological activities the two proteins show only limited sequence

homology Greatest homology is found in the first and fourth a-hehcal regions

(108, 176) Vanous ahgnments of the IL-13 and IL-4 sequences in the B and C

hehces can be made, which reveal hydrophobic residues known to be buned in

the structural core of the IL-4 molecule (9, 176) Thus the four-hehcal model for

IL-4 ((9) may also hold true for the structure of IL-13, but with considerably
shortened B and C hehces

Like IL-4, IL-13 possesses a profound influence on monocyte/macrophage

functions It can up-regulate the expression of CD23 and MHCclass I and II
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antigens, down-regulate the expression of Fcy receptors and inhibit antibody-

dependent cytotoxicity. Additionally, IL-13 suppresses nitric oxide production as

well as the synthesis of pro-inflammatory cytokines (IL-1, IL-6, IL-8 and IL-12)

and chemokines (MIP-1, MCP), but enhances the expression of IL-lra (26, 31,

104,107,175). Nevertheless, the notion of IL-13 as a anti-inflammatory cytokine

has to be somewhat modified. IL-13 (and IL-4) exerts a priming effect on TNFa

and IL-12 production in peripheral blood mononuclear cells elicited by a

subsequent inflammatory Stimulus (e.g. LPS) (22).

IL-13 has no effect on human or mouse T cells, whereas IL-4 is an important

growth and differentiation factor for activated T cells. The absence of the IL-13

ligand binding receptor subunit may explain this fact (174,175).

In contrast to murine B cells, where IL-13 has no effect, it mediates up-

regulation of surface antigens (CD23, CD71, CD72, surface IgM and class II

MHCmolecules) on a subpopulation of human B cells. Independently of IL-4,

interleukin 13 can also induce IgE and IgG4 synthesis in human B cells that

received costimulatory Signals provided by CD4+T helper cells, CD40 ligand or

CD40 antibodies (68,74,104,118,158,174).

Accumulating data suggests that IL-13 possesses widespread pleiotropic

activities. Additional cell types directly responding to IL-13 include endothelial

cells, keratinocytes, microglial cells and renal Carcinoma cells. It becomes clearer

and clearer that the effects of IL-13 on these cells have repercussions on

hematopoietic cells. For example, the increase in VCAM-1 expression on

endothelial cells may have important consequences in leukocyte trafficking

(140).
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1.5.4. Transforming growth factor ß

Transforming growth factor beta is a stable, multifunctional Polypeptide growth

factor. Specific receptors for this protein are widely distributed. Consequently

numerous cell types are responsive to TGFß. Generally, TGFß is stimulatory for

cells of mesenchymal origin and inhibitory for cells of epithelial and

neuroectodermal origin (142-144). The originally discovered form of TGFß, now

designated TGFß-1, is only one member of a superfamiliy of regulatory proteins

comprising a number of factors distantly related to TGFß-1 (30-40% sequence

identity), including the inhibins, activins and bone morphogenetic proteins, and a

number of more closely related proteins (70-80% sequence identity) termed

TGFß-2, TGFß-3, TGFß-4 and TGFß-5. TGFß-4 has so far been found in chick

embryo chondrocytes only (61). Likewise, TGFß-5 has been detected in Xenopus

embryos and adult tissue (73).

All three mammalian isoforms TGFß-1, 2 and 3 are 25 kDa homodimers (trace

quantities of ß-l/ß-2 and ß-2/ß-3 heterodimers also exist) in their biologically
active form ((28, 99). These homodimers consist each of two 112 amino acid

chains, containing nine cysteine residues. Studies on the three dimensional

structure of TGFß-2 using X-ray diffraction revealed that of these nine cysteines

only one from each monomer is involved in forming an interchain disulfide bond

covalently linking the two monomers, whereas the other eight cysteines form

intrachain disulfide bonds (23, 137). The biologically active homodimers of all

three mammalian isoforms are derived from the C-terminal part of a much longer

precursor molecule (28, 99). As expected from secreted molecules all three

precursors possess a 20-23 hydrophobic amino acid peptide signal sequence at

the Start of the N-terminus (85).

Soon after its discovery about fifteen years ago it was recognized that TGFß

(isoform multiplicity was unknown at that time) was released as a high molecular

weight complex, which was biologically inactive. This complex was termed

latent TGFß(86, 87, 126, 127). Conversion of this latent TGFßinto the active 25

kDa form may be achieved by acidification as well as alkalinisation, heating to

approximately 100°C or treatment with urea. These results implicated that this

conversion may be a crucial step in the regulation of TGFß bioactivity (126).

Further analysis showed that the latency is conferred by a dimer derived from the

N-terminal part of the TGFß-1 precursor molecule. This dimer is non-covalently
associated with mature TGFß-1 (48, 109, 110). This latency is not restricted to

TGFß-1 alone. All three mammalian isoforms are secreted as inactive complexes

(85). An additional component called LTBP, which Stands for latent TGFß
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binding protein, is found in the latent complex released from blood platelets

LTBP is not compulsory for latency but it has been shown to facilitate secretion

of latent TGFß-1 and may play a role in targeting the growth factor to

extracellular matnces (110)

small

"1 W

ss s

ss s

fig 4 Diagram of the small and large latent TGFßcomplexes, curved empty lines

represent the N-terminal dimer (ßl-LAP), filled lines represent the mature 25kDa

dimer, the blobs indicate glycosylaüon Sites, s-s indicate disulfide bonds (without

regard to their number and position), hatched bar represents the latent TGFß

binding protein (110)

Ever since the latency phenomenon was discovered, the in vivo mechanism of

activating latent TGFß has been of considerable mterest In view of the current

knowledge it seems hkely that there is more than just one activation mechanism

Complete activation of all three isoforms can in vitro be obtained by acidification

to pH 3 0(16) Acidic microenvironments close to this pH exist in vivo (activated

macrophages, stroma of solid tumors, osteoclasts), thus these may contnbute to

the activation of latent TGFß (64) Another lntngmng possibihty comes from

results obtained in coculture experiments, in which pencytes or smooth muscle

cells were grown together with aortic endothelial cells It was found, that the

combination of both cell types led to in situ activation of the latent form, while

each cell type alone only synthesized latent TGFß (5, 136) Further experiments

revealed that plasmin was responsible for this activation Retinoids also show a

capacity to activate latent TGFß, probably through increasing the plasmin levels

Apart from the fact that latency provides a mean of Controlling TGFß activity in

general thus preventmg undesired action, there are additional aspects to this

phenomenon While recombinant latent TGFß-1 has a half-life of approximately

it complex

9 99

large latent complex

9 99

S
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90 minutes in vivo, active TGFß-1 is cleared from the circulation via the hver in

2-3 minutes (167) This suggests that one function of latency is to provide

stabihty and in parallel a locally acüvatable pool of TGFß-1

Expression of TGFß-1, TGFß-2 and TGFß-3 is differenüally regulated (27, 43,

84, 105, 123) This is also supported by a number of groups, which report

distinguishing features in the promotor sequences of the isoforms For example
the TGFß-1 promotor lacks the commonTATAbox, an element which is present

in TGFß-2 and TGFß-3 genes Both TGFß-1 and 3 promotor are reponsive to

Spl In addition the TGFß-1 promotor contains AP-1 Sites and it has been shown

that TGFß-1 autoinducüon occurs via AP-1 (70, 83, 97)

TGFß has a Wide ränge of biological activities Apart from a few exceptions, all

cells possess specific surface receptors for TGFß Because cellular responses

depend on a vanety of factors such as cell type, growth conditions,

differentiation State and the presence of other growth factors, the effects TGFß

elicits are quite different and sometimes even opposing (142-144) Most of the

current knowledge is based on studies with TGFß-1, but in general the other

isoforms seem to be functionally equivalent in vitro (20, 51, 131, 156) In some

studies there are differences found in the potency between the isoforms to tngger

a certain cellular response, which may be due to different receptor affinities (20,

51, 131, 156) Despite the obvious redundancy displayed by the isoforms of

TGFß, there is now accumulating evidence that each isoform does have specific

functions A powerful tool for studying the in vivo functions of the vanous

TGFßs is provided by creating gene knockout mice Mice deficient in TGFß-1

are born apparently normal but die within three weeks from cachexia due to a

massive inflammation especially of the heart and lungs Those lacking TGFß-3

die even more rapidly, some 20 hours after birth, because of aberrant

development of the lungs and palate (65, 130, 139) The last study implicates

TGFß-3 specifically in the cleft palate defect But not only the absence of a

certain TGFß isoform can have deletenous consequences also overproduction

may lead to pathological situations Transgenic mice, which overexpress TGFß-2

specifically mosteoblasts, suffer from progressive bone loss and spontaneous

fractures, resembhng an osteoporosis-hke phenotype (39)

TGFß is an important modulator of the growth, differentiation and activity of a

number of cells mvolved in cellular and humoral immune response It has been

reported that TGFß-1 suppresses mtnc oxide (NO) formation in macrophages

and bone marrow cells In the case of macrophages NOis one of the effector

molecules involved in the kilhng of bactena (165) Vanous other effects of TGFß
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1.5.5. Tumor necrosis factor

Tumor necrosis factor <x (TNF, TNFa, also known as cachectin) and

Lymphotoxin oc (LT, sometimes referred to as TNFß) are two related proteins,

showing about 30% amino acid homology (1, 95) They bind to the same cell

surface receptors and exert a vast ränge of similar but not identical effects, that is

why for a long time LTa was considered to be the less mteresting "little brother"

of TNF But there is now accumulating evidence for a crucial and unique role of

LT in the lymphoid development (12, 24) The current understanding of LT and

its functions is reviewed in 106, 122, 134 The following overview focuses on

TNF and mainly on its role in inflammation

Mature human TNF is a Polypeptide of 157 amino acid residues with a molecular

mass of 17 kDa, under denatunng conditions (2) Mouse TNF is one amino acid

shorter and shows, in contrast to human TNF, N-glycosylation (163) The

biologically active form consists of a non-covalently hnked homotnmer (36, 37,

63) Interestingly, TNF exists both as a transmembrane type II and secreted form

The transmembrane form may not only serve as readily secretable pool of TNF,

it retains biological activity Recent studies suggest this effect is mediated

through TNF RH(p75) (8, 52, 76, 96, 124) Initially, human TNF is translated as

a prohormone, 223 amino acids in length This precursor is subsequently

modified dunng posttranslational processing One of these steps includes

acylation with mynstic acid It has been proposed that this modification targets

the nascent precursor for Insertion into the membrane (150) Soluble TNF is

generated by proteolytic cleavage of the membrane bound form (141) Neutral

senne proteinase-3 and metalloproteases such as stromelysin, matnlysin,

collagenase and gelatinase have been implicated in this process (46, 47, 69, 132)

The main cellular sources are macrophages/ monocytes but a number of other

cell types including nonhematopoieüc cells are capable of producing TNF, for

example cardiac myocytes (66), where its local effects can profoundly alter

systemic physiology through changed myocardial cell function (67)

TNF is a extremely pleiotropic factor The capability of producing such a Wide

vanety of effects is assigned to the ubiquity of its receptors, the abihty to activate

multiple signal transduction pathways, and the abihty to induce or suppress the

expression of a vast number of genes, including those for growth factors and

cytokines, transcription factors, receptors, inflammatory mediators and acute

phase proteins (77, 163)
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1.6. TNF and nitric oxide in host defence

The defence mechanisms of the immune System can be divided in two branches,

a nonspecific and a specific one. While building up a specific answer against a

pathogenic agent requires some time, the nonspecific defence mechanisms can be

readily mounted. Of course, these two processes cannot be considered as totally

separated and independent from each other. Nevertheless, the first line of defence

represents a function of the nonspecific branch. Cells involved in this process are

mainly (tissue-resident) macrophages, neutrophils and endothelial cells. In

response to bacterial infection, macrophages Start to produce numerous

inflammatory mediators, among them the cytokines TNF, IL-1 and IL-6. These

cytokines are considered to be the major inducers of inflammation. As TNF is

not only produced by macrophages but also has a profound influence on them, an

auto-/paracrine amplification of the activation process is very likely (11).

With regard to the removing of pathogens, TNF triggers nitric oxide (NO)

formation, release of Superoxide and enhances the phagocytosis of complement-

coated particles (101, 102, 157). In addition TNF promotes the recruitment of

neutrophils, which are among the first immune cells observed at sites of

inflammation. This is achieved at two different levels in parallel: first, TNF

stimulates the expression of several cell adhesion molecules on endothelial cells;

second, the same cells are stimulated to release IL-8 (164), a potent

chemoattractant specific for neutrophils.

NOand Superoxide either alone or in combination are known to be effector

molecules in the killing of a variety of microorganisms such as Listeria

monocytogenes, Leishmania major, Cryptococcus neoformans and Candida

albicans (56, 116, 133, 161). Although the role of nitric oxide in rodent host

defence is well characterized, its production and function within human

phagocytes are less clear. The evidence provided is contradictory; in some

studies low NOformation is shown that can be enhanced by fMLP (49, 135,

138). In contrast other studies fail to demonstrate any production of the NO

metabolites nitrite or nitrate by human neutrophils, even after Stimulation with

proinflammatory cytokines (120, 172). However, in a recent report human

neutrophils were shown to produce iNOS mRNAand protein in response to a

mixture of IFNy, IL-1 and TNF. Interestingly, the protein colocalizes with

myeloperoxidase within neutrophil primary granules (41).
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2.1. Abstract

Leukocyte extravasation is governed by the endothelium, expressing a defined

pattern of adhesion molecules in response to inflammatory Stimuli. Among them,

E-selectin, which is expressed in response to IL-1 or TNF-a, provides rolling

adhesion of the circulating leukocytes, a transient and reversible interaction that

initiates leukocyte extravasation. In our experiments, E-selectin expression
culminated after 4 to 6 h and declined thereafter. After 24 h a considerable

amount of E-selectin was presented, reflecting its continuous expression in

different inflammatory skin disorders. After preincubation of the endothelial

cells with TNFa together with IL-4 or IL-13, E-selectin mRNAtranscription and

protein expression were markedly reduced at 8 h and almost abolished at 20 h.

In contrast, early E-selectin expression between 2 to 6 h was not significantly

impaired. In a rotating adherence assay that mimics physiologic shear forces in

circulation, preincubation of the endothelial cells with TNF-a for 4 and 20 h

induced similar adherence of neutrophils, which was largely E-selectin-

dependent. According to the modified expression kinetics of E-selectin in the

presence of IL-4 or IL-13 rolling adhesion was unimpaired at 4 h but

significantly diminished after 20 h of preincubation. Similar results were

obtained with clones of die cutaneous T cell lymphoma cell line HUT78 highly

expressing the E-selectin ligand cutaneous lymphocyte-associated Ag.

Together, these data suggest that IL-4 and IL-13 conttol the rolling adhesion by

limiting the period of the induced E-selectin expression and may thereby

confine the acute phase of leukocyte emigration.
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2.2. Introduction

Adhesion of leukocytes to the endothelium is an essential step of the

inflammatory response. The pro-inflammatory cytokines TNF-a and IL-1, and

lipopolysaccharides induce the expression of different adhesion molecules

leading to the rapid localisation and extravasation of leukocytes (for review

(5)).

Under the physiologic flow in circulation, extravasation can be divided into

several successive stages governed by distinct adhesion molecules (for review

(8)). Among them, L- and E-selectin (CD62E) play a decisive role recognizing

sialylated derivatives of the Lewisx Oligosaccharide on leukocytes (26, 41, 44).

L-selectin is constitutively expressed on different leukocytes, while E-selectin

expression is restricted to the endothelial barrier. Both selectins provide rolling
adhesion of circulating leukocytes, initiating the endothelium-driven

exttavasation process (1, 39).

E-selectin is not expressed on resting endothelial cells in culture but is rapidly

induced in response to pro-inflammatory cytokines and LPS. Maximal inducüon

is observed 4 to 6 h after Stimulation. Thereafter, E-selectin expression rapidly

decreases (6, 7). The kinetics of the E-selectin mRNA, having a very short half-

life of 2 h, coincides with that of its protein (14). Despite this rapid decay, a

certain amount of residual E-selectin persists in vitro after prolonged Stimulation

with cytokines. In vivo, E-selectin is continuously expressed in different

inflammatory skin diseases (15, 31) and correlates with mixed leukocytic

infilttates (3). Recently, alternatively processed E-selectin transcripts have been

linked to this chronic E-selectin expression (10). On the other hand, E-selectin

functions as a receptor for skin-homing memory T-lymphocytes (28, 37). More

than 90% of the skin-infiltrating T cells bear the Oligosaccharide determinant

cutaneous lymphocyte-associated Ag (CLA; (29)), which is a ligand of E-

selectin (28).

E-selectin has been shown to be regulated by different cytokines. In the

presence of IFNy, TNF-a- or LPS-induced E-selectin expression was prolonged

(11, 19). However, TGFß downregulated the induced E-selectin expression at

the mRNAand protein level (13). IL-4, and recently IL-13, have been reported

to cause weak E-selectin downregulation (38, 42). So far, there are no data
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available concerning the functional relevance of this regulatory effect.

Therefore, we have investigated the potential of IL-4 and IL-13 to inhibit the

cytokine-induced adherence of leukocytes to HUVECmonolayers regarding E-

selectin expression at the mRNAand protein level. In a rotating adherence

assay mimicking the physiologic flow in circulation, leukocyte adhesion to

activated HUVECswas largely E-selectin-dependent. This allowed us to study

E-selectin regulation by IL-4 and IL-13 at a functional level.
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2.3. Materials and Methods

Reagents. The CHO-derived human IL-13 was kindly provided by Dr. G.

Zurawski, DNAXResearch Institute of Cellular and Molecular Biology (Palo

Alto, CA). Weacknowledge the generous supply of human IL-1 by Dr. P.T.

Lomedico (Hoffmann-La Roche, Nutley, NJ), and TNF-a by Dr. Z. Nagy,

(Preclinical Research, Sandoz Ltd., Basel, Switzerland). Purified human IL-4

(lO^U/mg) produced in CHOcells was a gift of Dr. J. Banchereau (Schering

Plough, Dardilly, France). The mAbHECA-452 against CLAwas a gift from Dr.

L.J. Picker (Dept. of Pathology, University of Texas, Dallas TX). The F(ab')2

fragments of the mAbs 7A9, H7/18 and W6/36 were kindly provided by Dr.

F.W. Luscinskas (Brigham and Women's Hospital, Boston, MA). The mAb4D10

directed against E-selectin (BMA Biomedicals AG, Äugst, Switzerland) was

FITC-labeled by the manufacturer and was of the mouse IgGj class. The

phycoerythrin-labeled polyclonal antibody was from Sigma (St.Louis, MO).

Endothelial cell cultures. HUVECswere isolated from fresh umbilical cords by

collagenase digestion as previously described (22). The cells were propagated
on purified human fibronectin (Winiger AG, Wohlen, Switzerland) and grown in

Medium 199 enriched with sodium heparin (90(ig/ml; Novo Industries,

Copenhagen, Denmark), endothelial cell growth Supplement (15|Xg/ml;
Collaborative Research, Inc., St. Waltham, MA) in the presence of 20 %pooled
human serum. The HUVECswere used in their second to fourth passage and

expressed cytoplasmic factor VIII von Willebrand in indirect

immunofluorescence (22).

Purification of neutrophils. Granulocytes were separated by methocel-

metrizoate Sedimentation and subsequent buoyant density centrifugation over

Ficoll-Paque (Pharmacia, Uppsala, Sweden) from heparinized (20 U/ml blood;

Novo Industries, Copenhagen, Denmark) whole blood of healthy donors, as

previously described (22). The resulting sediment, essentially free from

monocytes and lymphocytes, contained mostly neutrophils (96-99%).

Preparation of CLA+ HUT-78 cells. The HUT78 cells, a cutaneous T cell

lymphoma cell line, were cultivated and repetitively subcloned at 0.3 cells/well

as recently described (41). CLA + clones were selected according to their CLA

expression in flow cytofluorometry using the anti-CLA mAbHECA-452 mAb
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(29).

Leukocyte adhesion under rotation. In order to study the role of E-selectin,

rolling adhesion of the leukocytes was assayed using a modified Stamper-

Woodruff assay (40) as recently described (21). For this, HUVECmonolayers

were prepared in 30 mmculture dishes (Falcon Labware, Becton Dickinson,

Oxnard, CA) by bordering a concentric area of 20 mmin diameter with a cotton

bud wetted with non-toxic Silicon oil (Sigma). The circular area was precoated

with fibronectin before the HUVECswere seeded. The HUVECmonolayers

were preincubated for indicated periods of time with 250 |il medium containing

30 ng/ml IL-1 or 10 ng/ml TNF-a with or without 10 ng/ml of IL-4 or IL-13 and

then washed twice with 250 |xl of HBSS. Thereafter, 2 x 106 neutrophils,

suspended in 100 p.1 of HBSScontaining 5 mg/ml of purified human albumin

(OHRA20/21, Behringwerke AG, Marburg, FRG; HBSS-A), were layered onto

the washed HUVECmonolayers. The dishes were immediately placed onto a

37°C prewarmed platform and rotated for 10 min at 64 rpm, exactly as described

(21). The experiments were stopped by aspiration of the leukocyte Suspension.

The remaining sticky leukocytes were carefully overlayered by 250 ul of PBS

containing 2 % paraformaldehyde and fixed for 15 min. After fixation the

monolayer was washed once. Then, a drop of glycerol was added before it was

covered by a glass coverslip. The numbers of adherent leukocytes were counted

by phase contrast microscopy in four arbitrarily chosen fields of 1 mm^using a

total magnification of 400x. The analysed fields were located at half radius

distances from the centre of the HUVECmonolayers.

Recalculation of the maximal wall shear stress xw at the bottom of the dish

according to Ley et al. (20) revealed shear forces within the low ränge of wall

shear stress in postcapillary venules in vivo (0.7 dynes/cm2).

Flow cytofluorometric analysis. HUVECswere grown to confluence in 6-well

plates (Falcon). The cytokines were added directly to the medium for indicated

periods of time. Then, the cells were washed once with HBSS, detached within 1

min by using 0.05% trypsin / 0.02% EDTA/PBS, pH 7.4, blocked with FCS and

suspended in HBSS-A. In control experiments we used an irrelevant isotype-

matched control mAb (Caltag, San Francisco, CA). Goat anti-mouse IgG-

phycoerythrin R, diluted 1:30 (Sigma, St.Louis, MO) was then applied for 30
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min, the cells were washed twice and resuspended in PBS-A at 4 °C. Flow

cytofluorometry was carried out within 12 h using a Becton Dickinson flow

cytofluorograph (FACScan A27, Becton Dickinson & Co., Sunnyvale, CA).

Fluorescence intensity was determined from 10,000 cells/sample using the

LYSIS II Software (Becton Dickinson).

RT-PCR amplification of human E-selectin mRNA. HUVECmonolayers were

grown to confluence in 75 cm^ flasks (Falcon) and preatteated with TNF-a with

and without IL-4 or IL-13 for indicated periods of time. Total RNAwas isolated

according to Chomczynski et al. (9). Briefly, treated HUVECswere washed and

then lysed in 500 ul denaturing Solution (4 Mguanidinium isothiocyanate, 25

mMsodium citrate pH 7,100 raM ß-mercaptoefhanol, 0.5 %N-lauroylsarcosine).

The mixture was extracted with an equal volume phenol/chloroform (5:1) and

chilled for 20 min at 4° C. RNAwas recovered in 400 u.1 from the supematant of

a subsequent centrifugation (14,000 rpm, 15 min, 4° C) in a micro centrifuge

(Eppendorf). The isolated RNAwas concenttated by ethanol precipitation and

dissolved in 50 ul DEPCtreated dH20. For the first Strand reaction, 1 (ig of total

RNAwas reverse transcribed in the presence of 0.5 ug oligo dT, 200 U M-MLV-

RT and corresponding buffer (Gibco), 0.2 mMdNTPs and 10 mMDTT. Primers

corresponding to nt 503-521 and nt 1858-1876 (accession number M30640), nt

588-607 and nt 1048-1067 (accession number M33197) were used to amplify

all hE-selectin transcripts (10) and GAPDHtranscripts, respectively. PCR

reactions were performed using 10% (3 u.1) of the RT-reaction mix, 2.5 ul Taq-

buffer (10 mMTris, 50 mMKCl, 0.1 %Triton X-100,0.2 %BSA, 2.5 mMMgCl2

for GAPDH,and 50 mMTris, 50 mMKCl, 0.1 %Triton X-100,0.2 %BSA, 2 mM

MgCl2 for E-selectin), 0.2 mMdNTPs, 25 pmol primers, and 0.5 units Taq-

polymerase (Appligene, Basel, Switzerland). After an initial denaturation step at

99°C for 1 min, 35 cycles were performed for GAPDH(1 min 94°C, 1 min 60°C,

1 min 72°C) and for E-selectin (1 min 94°C, 1 min 53°C, 1 min 72°C). PCR

products were visualised on agarose gels stained with ethidiumbromide. The

identity of the RT-PCR products of E-selectin and GAPDHwere confirmed by

sequence analysis.

To eliminate possible variations due to differencies in RNA amount and

efficiency of RT-PCR reactions we used a recently described approach to semi¬

quantitative RT-PCR based on densitometric analysis of the PCRproducts (24).
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Image analysis was performed directly after electrophoresis using the Gelprint

2000i System MWGBiotech, Switzerland) and the image analysis Software

Zero-Dscan, Scanalytics/CSPI. Briefly, linearity of amplification was checked

using different cycle numbers.The optical density of the PCRproduct bands

was measured at a cycle number within the linear ränge, and the relative amount

of E-selectin mRNAwas expressed as the ratio of the optical densitiy of the E-

selectin and GAPDHtranscripts of the same sample.

Statistical analysis. Statistical Validation was performed using Student's two-

tailed t - test for paired and unpaired observations.
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2.4. Results

IL-4 and IL-13 downregulate TNF-a-induced E-selectin surface expression

By flow cytofluorometry we have studied the cytokine-induced expression of

E-selectin and its regulation by IL-4 and IL-13 at the protein level In these

experiments E-selectin was maximally induced by 10 ng/ml TNF-a The

expression steeply increased after 2 h and peaked at 6h Thereafter E-selecün

rapidly declined but was still detectable after 20 h Under conünuous

sümulaüon this late E-selecün expression persisted up to 48 h (data not shown)

Similar kineücs was obtained with IL-1 (data not shown) Preincubation of the

HUVECmonolayers with IL-4 and IL-13 significantly induced VCAM-1

expression (35) but did not evoke E-selecün (data not shown) However, IL-4

and IL-13 downregulated the TNF-a-induced E-selecün expression (Fig 1A)

Dunng the first 8 hours the effect was moderate but after 20 h E-selectin

expression was strongly inhibited by IL-4 (83 4 ± 5 2 %, mean ± SD of 4

expenments), and IL-13 (83 3 + 5 4 %, mean + SD of 4 experiments) After 48 h,

E-selecün was no longer detectable Of importance, IL-4 and IL-13 showed no

additive inhibitory effects This results from shared receptor subumts for IL-4

and IL-13, which form a heterodimenc receptor complex on endothelial cells

(35) Both cytokines similarly inhibited IL-1- and LPS -induced E-selectin

expression (data not shown) With IL-13, marked Inhibition was detected at a

concentraüon of 1 ng/ml, and maximal effects were obtained between 10 and 50

ng/ml (Fig IB) Downregulation by IL-4 was observed at 0 2 ng/ml and was

already maximal at 2 ng/ml (data not shown)

Fig 1 Downregulation of TNF-a-induced E-selecün expression by IL-4 and IL-

13 A) HUVECmonolayers were pretreated for indicated periods of time with

medium containing 10 ng/ml TNF-a (u) or TNF-a and IL-4 (n) or TNF-a and IL-

13 (s) B) HUVECmonolayers were incubated for 20 h in medium containing 10

ng/ml TNF-a alone or together with IL-13 at the indicated concentraüons (filled

histograms) Control monolayers were kept in medium alone (open histograms)

Numbers in parenthesis indicate mean fluorescence intensities The data are from

a representative expenment using the same batch of HUVECs
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IL-4 and IL-13 downregulate TNF-a-induced E-selectin transcription

The highly conserved genomic structure of E-selectin cDNA contains 3.85 kb

consisting of a 116-base 5' unttanslated region, a continuous open reading frame

of 1830 bases, and a long 3' unttanslated region ending in a poly(A) tail (7)

conferring a broad potential of transcriptional regulation. Chu et al. (10)

described 3 types of E-selectin transcripts of different stability in cytokine-
activated endothelial cells by an anchored RT-PCR. Our transcript analysis was

performed by an RT-PCR analysis covering all E-selectin transcripts and used a

recently described approach to semi-quantitative RT-PCR (23). In all

experiments gel densitometric analysis of the PCRproducts was performed at a

cycle number within the linear ränge of amplification. The relative amount of E-

selectin mRNAwas expressed as the ratio of the optical density of the E-selectin

and GAPDHtranscripts of the same sample. Regarding the capacity to

quantitatively analyze PCRproducts the method was comparable to Northern

analysis (23).

The experiments revealed that in response to TNF-a, the E-selectin transcripts

were clearly induced between 2 and 20 h, with a peak occurring at 4 h. (Fig.

2A). Resting HUVECsshowed no detectable E-selectin message. Together with

IL-4, a decrease of the TNF-a-induced transcript was first visible after 8 h, and

prominent downregulation was detected after 20 h. Corresponding results were

obtained with IL-13. The similar GAPDHSignals in all experiments indicate the

use of identical amounts of total RNAin the RT-PCR reactions (Fig. 2A). IL-4 as

well as IL-13 showed a dose-dependent reduction of the E-selectin transcripts
measured after 20 h, when downregulation was most prominent (Fig. 2B).

Fig. 2. RT-PCR analysis of E-selectin transcripts. A) HUVECmonolayers were

pretreated for indicated periods of time with medium containing 10 ng/ml TNF-a

(black bars) or TNF-a and IL-4 (hatched bars) or TNF-a and IL-13 (white bars).

B) HUVECmonolayers were treated for 20 h either with TNF alone or in

combination with the indicated concentrations of IL-4 and IL-13, respectively.
Control monolayers were kept in medium alone. Columns depict ratios of optical

density of the individual E-selectin and GAPDHtranscripts. The optical density
of the PCRproduct bands was measured at a cycle number within the linear

ränge of amplification. The data are from a representative experiment using the

same batch of endothelial cells. Unlabeled lanes are molecular size Standards.
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IL-4 and IL-13 downregulate the rolling adhesion of neutrophils to

cytokine-activated HUVECmonolayers

We have studied the importance of the IL-4 and IL-13-evoked E-selectin

suppression at a functional level by determining rolling adhesion of neutrophils

under rotating conditions. Rotating adhesion was initially introduced by

Stamper and Woodruff to assess lymphocyte attachment to high endothelial

venules under physiological flow (40). Recently, this assay was adapted to

study in vitro the rolling adhesion of leukocytes to endothelial cells in culture

(21). Wehave used the assay with minor modifications. HUVECmonolayers

were grown in the central area of culture dishes within the circular limits of a

non-toxic Silicon oil coat. The resulting monolayers of 20 mmin diameter were

pretreated with cytokines or mAbs, washed and then overlayered with 2 x 10^
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neutrophils suspended in 100 ul medium ( for details see Material and Methods)

Significant neutrophil attachment in the assay was only observed to cytokine-
activated HUVECs After 4 h of preincubation with cytokines, the neutrophil

adhesion under rotation was similar to that obtained under static conditions

Endothelial activation for 20 h resulted in a shghtly reduced adhesion that was

paralleled by a decreased E-selecün expression (Fig 1) In the presence of

F(ab')2 fragments of the mAb7A9 against E-selectin the rotating adherence was

markedly inhibited, regardless of the preincubation time (TNF-a 4 h 96 8 ± 1 5

%, TNF-a 20 h 84 3 ± 2 5 %, mean ± SD of 4 experiments, Fig 3A) Similar

results were obtained using F(ab')2 fragments of the anü-E-selectm mAbH7/18

(data not shown) Control experiments with F(ab'h fragments of the mAb

W6/32, reacüve with the MHCI a-cham, showed no Inhibition However, under

static conditions there was no significant Inhibition with the above E-selecün

mAbs (TNF-a 4 h 11+69%, TNF-a 20 h 15 5 ± 5 3 %, mean ± SD of 4

experiments, Fig 3A) These experiments show that E-selecün is necessary for

neutrophils to adhere under physiological shear stress Similar data have been

recently reported under more defined shear forces using a parallel flow Chamber

System (1)

With regard to die flow in circulation, we have studied the functional impact of

the IL-4 and IL-13-mediated E-selecün suppression After 20 h pretreatment of

the HUVECswith a combinaüon of TNF-a and IL-4 or TNF-a and IL-13 the

rolling adherence was considerably inhibited (TNF-a + IL-4 47 8 ± 6 1 %, TNF

a +IL-13 447 + 7 4%, mean± SD of 4 experiments, Fig 3B) IL-4 and IL-13

together did not exert additive effects Similar results were obtained with IL-1

instead of TNF-a (data not shown) However, no significant adherence

Inhibition was observed after a 4 h pretreatment penod (Fig 3B) In addition,

when the HUVECswere preconditioned for 16 h with IL-4 or IL-13 before TNF-

a activation was started, no adhesion Inhibition was observed at 4 h and similar

downregulation of the interaction occurred at 20 h as in the above experiments

(data not shown) Of importance, downregulation of E-selectin expression in the

presence of IL-4 or IL-13 was not reflected by decreased adherence under static

conditions (Fig 3B), despite the fact that the TNF-mediated ICAM-1 inducüon

was also downregulated (data not shown) Hence, downregulation of induced

ICAM-1 by IL-4 or IL-13 seems not to hmit CDll/CD18-dependent adhesion

under static conditions
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Fig. 3. Adhesion of neutrophils to HUVECs. HUVECmonolayers were

pretreated with cytokines for 4 h (black bars) or 20 h (white bars) before the

adherence was determined by rotating the cultures at 64 rpm for 10 min. In

simultaneous experiments neutrophil adherence was assessed under static

conditions after the HUVECswere activated for 20 h (hatched bars). (A) After

activation of the HUVECswith TNF-a (10 ng/ml) they were incubated for 30

min with F(ab')2 fragments of the blocking mAb 7A9 against E-selectin (20

ug/ml). The mAb concentration was maintained during the adherence assay.

F(ab')2 fragments of the mAbW6/32 to HLA I a-chain were used as a control

(B) HUVECmonolayers were activated with TNF-a witii or without 10 ng/ml of

IL-4 or IL-13. The data are means ± SD of triplicate determinations and are

representative of three experiments. Asterisks indicate Statistical significance in

relation to the buffer experiment (p < 0.0005).

IL-4 and IL-13 downregulate the rolling adhesion of CLA-expressing HUT

78 cells

CLA, a carbohydrate structure closely related to sialyl-LewisX has been

identified as the primary T-lymphocyte ligand for E-selectin (4, 30). As such, the

CLA epitope provides rolling on E-selectin-expressing endothelial cells (27).

The HUT78 cell line, which originates from a Sezary T-cell lymphoma, was

subcloned for maximal CLA expression using die mAbHECA-452. From native

HUT78 cells with a mean fluorescence intensity (MFI) of 4.6 we selected Clone

16, which expressed CLA with an MFI of 66.7 (Fig. 4A). In rotating adherence

experiments using identical conditions as described above for neutrophils, clone

16 markedly adhered to HUVECmonolayers activated with TNF-a for 4 h.

Adhesion even increased after preincubation for 20 h (Fig. 4B). However,

native HUT78 cells, which expressed little CLA, showed significant lower

adherence. The mAbHECA-452, that functionally blocks the CLA - E-selectin

interaction (4), markedly inhibited rotating adherence to TNF-a- and IL-1-

activated HUVECs(data not shown). As a result, the rotating adhesion of CLA-

expressing HUT78 cells was specifically inhibited in the presence of F(ab')2

fragments of the mAb7A9, regardless whether the HUVECswere preactivated

with TNF-a for 4 or 20 h (TNF-a 4 h: 69.9 ± 3.9 %; TNF-a 20 h: 77.0 ± 8.9 %;
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mean ± SD of 3 experiments; Fig. 5). Whenthe HUVECswere preincubated for

20 h with TNF-a together with IL-4 or IL-13 adhesion of the CLA-expressing
clone 16 cells was significantly inhibited (TNF-a + IL-4: 82.2 ±'2.1 %; TNF-a +

IL-13: 66.0 ±2.1 %; mean ± SD of 3 experiments; Fig. 5). However, after a 4 h

pretreatment period no inhibition was detectable (data not shown).

Fig. 4. A) Flow cytofluoromettic analysis of HUT78 cells subcloned for CLA

expression by limited dilution. From native HUT78 cells (left), clone 16 was

selected as CLA + (right ). Indirect staining was performed using the mAb

HECA-452 against CLA. Control experiments were performed with an

irrelevant isotype-matched mAb. Numbers in parenthesis indicate mean

fluorescence intensities. (B) Rotating adhesion of native HUT78 (s) and the

CLA + clone 16 (n) to HUVECspreincubated with TNF-a (10 ng/ml) for

indicated periods of time. Results are means ± SD of ttiplicate determinations of

a representative experiment.
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Fig. 5. Adhesion of the CLA-expressing HUT78 clone 16 to HUVECs. HUVEC

monolayers were preincubated for 4 h (black bars) or 20 h (white bars) before
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the adherence was determined by rotating the cultures at 64 rpm for 10 min. (A)

HUVECmonolayers were activated with TNF-a (10 ng/ml) before they were

incubated for 30 min with F(ab')2 fragments of the blocking mAb7A9 against

E-selectin (20 U-g/ml). The mAb concentration was maintained during the

adherence assay. F(ab')2 fragments of the mAbW6/32 to HLA I a-chain were

used as a control. (B) HUVECmonolayers were activated with TNF-a with or

without 10 ng/ml of IL-4 or IL-13. The data are means ± SD of ttiplicate

determinations Asterisks indicate a Statistical significance in relation to the

control experiment using buffer (p < 0.005) and are representative of three

experiments.
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2.5. Discussion

IL-4 is a pleiotropic T cell-derived cytokine that was initially described to

provoke B cell proliferation and to induce Ig class switching in activated B

cells. By virtue of this property IL-4 has been recognized as a main player in the

allergic inflammatory response (24). IL-13 has remarkably similar bioactivities.

With regard to the vascular barrier, IL-4 and IL-13 activate endothelial cells to

express VCAM-1, leading to the adhesion of VLA-4-expressing leukocytes,

including eosinophils (33, 38, 42, 43). However, the adhesion of neutrophils,
which lack expression of very late antigen-4 (VLA-4), is not induced. The fact

that neither E-selectin is induced nor ICAM-1 is enhanced in response to these

cytokines may support the potential of the selective adhesion (33). In response

to IL-1 or TNF-a, E-selectin has been reported to be rapidly induced, culminate

between 4 to 6 h and progressively decline thereafter (7). We studied the

kinetics of E-selectin expression at the transcriptional and translational level.

Relative changes in E-selectin transcription were analysed using an RT-PCR

technique in combination with gel densitometric analysis and expressed as the

ratio of E-selectin to GAPDHtranscripts of the same sample. In these

experiments transcription was rapidly induced by TNF or IL-1, peaked at 4 h

and decreased after 20 h. Similar kinetics were also observed at the protein level

showing the unusual stability of the late E-selectin expression. Similar results

regarding the kinetics of TNF induced E-selectin transcription and surface

expression were obtained by Kluger et al. (16), whereas the drop of E-selectin

expression observed at later time points was more pronounced as in our study.

A possible explanation of this discrepancy might be the different culture

conditions. The use of 20 %human serum and purified human fibronectin in our

HUVECcultures might be an explanation for the sustained E-selectin

expression, since a factor in human plasma has recently been described, which

permits prolonged expression of E-selectin by human endothelial cells (36).

Bevilacqua et al. (7) described multiple polyadenylation sites, including eight

repeats of the consensus sequence ATTTA within the 3' untranslated region of

the E-selectin cDNA. The corresponding mRNAsequence AUUUAhas been

shown to mediate instability, resulting in rapid degradation of the transcripts. By
an anchored PCR method Chu et al.(10) have demonstrated that E-selectin

transcription in HUVECcultures uses all 3 polyadenylation sites, and that the
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use of the most distal polyadenylation Signal confers mstabihty Both, Chu and

Kluger et al (10, 16) showed that the most abundant form in cultured

endothelial cells was the longest transcript containing all the destabilizmg

elements, whereas only the shortest transcript was detected in human dermal

biopsies (10) Similarly sustained E-selecün expression has previously been

reported in dermal explants (25) The use of differenüal polyadenylation in the

E-selectin transcripts may provide the molecular basis for this chronic

expression of E-selectin in inflammatory dermal disorders

IL-4 and IL-13 are known as moderate Inhibitors of the TNF-a and IL-1-induced

E-selectin.and ICAM-1 expression (38, 42) In contrast, both cytokines induced

the expression of VCAM-1 and P-selectin (34, 40) In our experiments both

cytokines mediated weak downregulation of the cytokine-induced E-selecün

expression after 4 to 6 h, so far corresponding to the above reports However,

after 20 h of preincubation, IL-4 or IL-13 considerably suppressed E-selectin at

the mRNAand protein level

Next we asked the quesüon whether the profound regulation of the late E

selectin expression correlates with diminished leukocyte exttavasation, which is

mitiated by an intermittent interaction, described as leukocyte tethenng and

rolling Leukocyte rolling involves different leukocyte and endothelial adhesion

molecules, such as L-selectin, E-selectin, P-selectin, and VCAM-1 and their

hgands Different in vitro assays have been developed to determine leukocyte

rolling under the physiological flow in circulation (1, 39, 40) Using a rotating

adherence assay Sperüm et al (39) showed that L-selecün plays a key role in

lnitiaüng neutrophil and lymphocyte tethenng under shear stress Thereby, L-

selecün mediates early rolling in part by presenting carbohydrate hgands to E-

selecün In fact, the induced expression of E-selecün also provides rolling of

neutrophils (1) Regarding the course of leukocyte rolling, the L- and E-selecün-

mediated functions are strongly overlapping Still, the continuous shedding of

L-selectin, while neutrophils can still roll on E-selecün (17), is suggestive of a

more proximal function of L-selecün The findmg that L-selecün, in contrast to

E-and P-selecün, needs shear above a cnücal threshold to mitiate and maintain

rolling (12, 18) Supports the idea of a senal action of the different selectins The

rotating adherence assay used in our study mimicked shear forces within the

low ränge of the wall shear stress observed in postcapillary venules in vivo (20)
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Therefore the assay was well suited for studying the IL-4 and IL-13-mediated

regulation of E-selectin at a functional level. Initial experiments revealed that

both cytokines did not effectively inhibit the rolling adherence of neutrophils,

reflecting the marginal suppression of E-selectin at this time point. However,

after 20 h of preincubation rolling adhesion was significantly inhibited,

suggesting that IL-4 and IL-13 mediate late-phase regulation of the neutrophil

rolling. The significant inhibition of neuttophil rolling is surprising in the light of

the sustained expression of P-selectin in response to IL-4 and IL-13 (45), hence

indicating a key function of E-selectin in the course of rolling.

The Oligosaccharide determinant CLA has recently been demonstrated to be

another E-selectin ligand linking memory T-cell recruitment in certain skin

disorders to vascular inflammation (28, 37). Recently, we used CLA-expressing
HUT78 cells as a model to analyze the transendothelial migration of cutaneous

homing CD45RO+memory T cells (32). Here, CLA-expressing HUT78 cells

were used to further demonstrate the functional importance of the IL-4 and IL-

13-mediated E-selectin regulation.

The rolling adherence of CLA-expressing HUT78 cells to TNF-activated

HUVECswas markedly inhibited by anti-E-selectin mAbs. Interesting is the

increased adhesion after 20 h, compared to 4 h of endothelial preincubation,

which conttasts the dropping E-selectin levels. These data indicate that other

adhesion molecules with delayed expression kinetics may contribute to the

rolling in addition to E-selectin. VCAM-1, which is induced by TNF, IL-4 and

IL-13 (34), was recently reported to provide rolling via ligation of VLA-4 (2)

and may therefore overwhelm the E-selectin-dependent regulation conferred by
IL-4 and IL-13. Regardless of these interactions, downregulation of the HUT78

cell adhesion by IL-4 and IL-13 was significant, further demonsttating the key
role of E-selectin as regulatory element in the process of leukocyte rolling.

Together, our data suggest that IL-4 and IL-13 do not generally inhibit E-

selectin expression. The late onset of regulation shows that IL-4 and IL-13 may

limit the time frame of E-selectin expression and in turn the endothelium-driven

leukocyte extravasation during the acute phase of inflammation. The in vivo

relevance of these observations is as yet uncertain, but it is tempting to

speculate that the response to TH2-type cytokines implies means for limiting the

massive neuttophil infilttation, which is a hallmark of the vascular response to



pro-inflammatory cytokines.
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3.1. Abstract

Mice deficient for TNFreceptor 55 (TNF-R55) and TNF/LTa have demonstrated

the importance of TNF in the host defence against Listeria monocytogenes (L.

monocytogenes). In order to investigate the particular L. monocytogenes

growth conttol deficiency of macrophages derived from TNF/LTa deficient (ko)

mice, bone marrow-derived macrophages (BMDM) were used for in vitro

infection experiments. After the combined treatment with IFNy and LPS, the

production of nitric oxide (NO) by wildtype (wt) and ko BMDMwas induced

to comparable levels. Nevertheless, inttacellular L. monocytogenes growth was

only conttolled by wildtype BMDM.Inhibition of NOformation by L-NG-

monomethyl-L-arginin-acetate (NMMA) lead to the loss of antilisterial activity.

This suggests that presence of NOis necessary but not sufficient for antilisterial

growth control and that killing of L. monocytogenes requires additional effector

molecules. Scavenging of Superoxide by the Superoxide mimic Mn(II/III) tettakis

(l-methyl-4-pyridyl) porphyrin (MnTMPyP) as well as scavenging of

peroxynitrite with uric acid both led to reduced Listeria killing by wildtype and

ko BMDM.Comparison of the cytokine transcript pattern of L. monocytogenes

infected wild type and TNF/LTa deficient BMDMrevealed that TGFßmRNA

levels are about 10 times higher in BMDMfrom TNF/LTa deficient mice than

from wild-type mice. Likewise, exogenous TGFßresulted in reduced antilisterial

activity. TGFß is known to downregulate Superoxide production in

macrophages. Indeed, indirect analysis of LPS induced Superoxide radical (O2")

production of wild type and TNF/LTa deficient BMDMrevealed impaired

Superoxide production of TNF/LTa deficient BMDM.Taken together these

findings suggest that the reduced host defence of TNF/LTa deficient mice

against L. monocytogenes stems from a reduced 02-" production capacity and

imply a function for peroxynitrite, the reaction product of NOand O2", in the

inttacellular killing of L. monocytogenes.
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3.2. Introduction

TNF, IL-1, IL-6, IFNy and mtnc oxide have been shown to be involved in the

murine defence against L monocytogenes (38) All four cytokines can enhance

resistance to experimental infection of mice with L monocytogenes when

admimstered before infection (38) In addition, in vivo administration of

antibodies against the different cytokines resulted in increased bacterial growth

and eventual death of mice from hstenosis (15, 29, 32) TNF is a pleiotropic

cytokine, which is involved in vanous aspects of inflammation (50) including

the abihty to sümulate macrophages, neutrophils (26) and the inducüon of

adhesion molecules on endothelial cells leading to leukocyte extravasation

Further TNF appears to be important in granuloma formation (25), an important

host defence reaction against inttacellular bacteria such as Mycobacterium

tuberculosis Another potent immunoregulatory cytokine is TGFß It modulates

production of cytokines, such as TNF and IL-6 (6), is important in Chemotaxis

(52) and is a deacüvating factor of macrophages (49)

Mice deficient for IFNy receptor (20), TNF receptor 55 (39), TNF and LTa (10),

NF-IL-6 (47), p50 of NF-kB (41), IFN regulatory factor-1 (23) or iNOS (30) can

not control L monocytogenes infection and, therefore, demonstrate the need of

these vanous proteins for efficient host defence Studies from MHC-deficent

mice and T-cell depleted mice estabhshed die importance of CD8+, CD4+ and 8y-

T cells in the defence against L monocytogenes(l6, 19) The fact that perfonn

does not play an important role reveals that other cytotoxic mechanisms are

cntical for an efficient pnmary host defence (22) SCID mice have been shown

to be relaüvely resistant to L monocytogenes, although they carry the bacteria

chronically and eventually succumb to infections (2) In the early defence,

macrophages, neutrophils and NK-cells are cnücally involved (9, 36)

Macrophages play a pivotal role in the immune System, either by acüng as

phagocytes and antigen presenting cells or as immunoregulatory cells secreüng

a number of proinflammatory cytokines, mediators and effector molecules such

as IFNy, TNF, IL-1, IL-6, IL-10, IL-12, TGF-ß, PGE2) reactive oxygen and

nittogen intermediates Sensiüzaüon with IFNy is the most important step in the

antilisterial activity of macrophages (1) NOis important in many biological
functions such as anti tumor activity, synaptogenesis and endothehum-

dependent relaxation of blood vessels (33, 40) Phagocyüc cells (neutrophils,

monocytes, monocyte-denved macrophages, and eosinophils) have remarkable

capacity to generate Superoxide anion (O2") through Single electron transfers

from NADPHto molecular oxygen O2" is unstable and will react with itself to
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form H2O2in a pH dependent fashion or with NOto form peroxynitrite. Unlike

O2", H2O2 can freely diffuse through biological membranes and interact with a

wide variety of cellular Substrates. H2O2 and peroxynitrite seem to be the

ultimate effectors in host defence against bacteria (7). The inducible nitric oxide

synthase (iNOS) is activated by several immunological Stimuli, leading to the

production of large quantities of NOwhich can be cytotoxic (45). Although

growth control of inttacellular bacteria in macrophages correlates well with the

production of NO(4, 5), there is evidence for a NOindependent pathway in a

macrophage cell line (28).

Here we describe that lack of TNF leads to decreased antilisterial activity of

BMDMand that this deficiency is due to TGFß mediated suppression of O2"

production and as a consequence might reduce the production of peroxynitrite,

an ultimate antilisterial effector molecule.
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3.3. Material and Methods

Mice

TNF/LTa double deficient mice (10) were bred in-house and were of a mixed

genetic background (C57Bl/6xl29). C57Bl/6xl29 mice were used as controls.

Reagents

LPS from Escherichia coli (serotype 0111:B5) was purchased from Sigma

(St.Louis, MO) and resuspended in pyrogen-free sterile PBS. NG-monomethyl-
L-arginine-acetate (NMMA) salt was purchased from Calbiochem-

Novabiochem AG (Läufelfingen Switzerland). Listeria monocytogenes, strain

EGD, and a polyclonal sheep antiserum against recombinant murine TNF (14),

were kindly provided by Dr. R. M. Zinkernagel (Institute of Experimental

Immunology, University Hospital, Zürich, Switzerland). Recombinant murine

TNF was from Genzyme and recombinant mlFN-y (3.6x10^ U/mg) was a

generous gift from Dr. L. Ozmen(Hoffman-La Roche AG, Basel, Switzerland). 3-

(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), cytochrome
C and Superoxide dismutase (SOD) were purchased from Sigma. Taq DNA

Polymerase was purchased from Appligene-Oncor (Basel, Switzerland).

dihydrorhodamine 123 (DHR) and SNARFwas from Molecular Probes (Eugene,

OR, USA) and DHRwas dissolved in dimethyl formamide at a concenttation of

10 uM. Aliquots were stored at -20° C.

Bactericidal assay

BMDMwere obtained by cultivation of bone marrow extracts in conditioned

medium for eight days (24). BMDMwere harvested and resuspended at a

density of 10^ cells/ml in conditioned medium. Aliquots of 5xl04 cells were

transferred to flat-bottomed 96-well plates and pretreated for 18h with different

cytokines (IFNy 200 U/ml; TNF 10 ng/ml) and LPS (10 ng/ml) alone or in

combination with TNFantibodies or the iNOS inhibitor NMMA(ImM) (18). L.

monocytogenes from a fresh overnight culture were added in lOOul DMEMin a

ratio of 3 cfu/cell. Cultures were incubated for the indicated time period at 37°C

in 5% C02- Nitrite concenttation were determined from supematant. After

washing the cultures carefully with prewarmed BMDM-mediumfour times,

titers of inttacellular bacteria were assayed immediately (28). Inttacellular

bacteria were released by lysing macrophages with lOul 5%saponine (v/v) for 2
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min at room temperature. After addition of LB medium (200 ul/well), plates were

incubated for 3 h at 37°C in 5% C02- The resulting number of bacteria was

determined on the basis of MTTconversion. 10 ul of filter sterilized MTT(5

mg/ml) was added to the culture and incubated for 30 min. Formazan formation

was measured at 620 nm by using Labsystems Multiskan® Biochromatic

ELISA plate reader (Labsystems, Shrewsbury, MA). To validate the MTT-based

assay the number of bacteria were determined in parallel by plating diluted

cultures on LB agar plates. Both methods gave consistent and reproducible

results.

Determination of nitrite concentration

NOwas measured as nitrite using the Griess reagent (13). Culture supernatants

(50 Ul) were mixed with 100 ul of 1% sulfanilamide, 0.1% N-(l-naphthyl)-

ethylenediamine dihydrochloride and 2.5% ortho-phosphoric acid (all SIGMA).

Absorbance was measured at 570 nm in an ELISA plate reader. Reliable

sensitivity was at 2 UM. All data represent mean values ± SD from three

individual experiments.

Respiratory burst assay

In a polyproylene-tube (diameter 10 mm) 5xl05 BMDMwere stimulated with

different cytokines and LPS as mentioned above. After 18 h BMDMwere

washed once with PBS. The BMDMwere loaded with the fluorgenic Substrates

DHRand SNARFl/AM for 10 min at 37°C. Then L. monocytogenes at a ratio of

10.1 and PMA (1 Ug/ml) as a positive control was used to activate the

respiratory burst of the BMDM.After lh incubation the reaction was stopped

on ice. Dead cells were counterstained with propidium iodide at a final

concentration of 30 UM. The probes were stored on ice in the dark and

measured within an hour. The final concenttations were 1 uMfor DHR123 and

O.luM for SNARFl/AM.

For analysis we used a FACScan flow cytometer (Becton Dickinson, San Jose,

CA, USA) with argon ion laser excitation at 488 nm, measuring lO'OOO cells of

each sample. Data were aquired and processed using LYSIS-II Software.

Following calibration with dye-beads (Quantum 26), the results of the cellular

fluorescence were expressed in Molecule Equivalents of Soluble Fluorochrome

(MESF). These MESFunits were used for the absolute quantification of cellular

fluorescence, allowing inter-assay and inter-laboratory comparison of data. The
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dead cells were assessed by their lack of esterase activity and their propidium

iodide fluorescence (above 600 nm). Leukocyte esterase activity was

determined based on SNARFl-related orange fluorescence. SNARFl/AM is

cleaved in vital leukocytes by esterases to SNARF1.

RT-PCR

At day 8 bone marrow derived macrophages (10^) were prestimulated in a 6

well plates (Greiner, Frickenhausen, Germany) with IFNy (200 U/ul) for 18h at

37°C in 5% C02 followed by Stimulation with LPS (10 ng/ml) or with L.

monocytogenes at a ratio of 2 cfu/cell for 5 h. Total RNA was isolated

according to Chomczynski et al (8). Transcripts were determined from total

RNAby RT-PCR according to Standard protocols (31). The first denaturing step

(94°C, 1 min.) of PCRwas carried out in 15 ul mixture containing 2 mMof each

primer and 2 ul of the RT reaction. After cooling down to (55°C, 10 min) 10 ul

of the reaction mixture (2.5 ul dNTP's (lOmM), 2.5 JJ.1 PCR-Buffer (100 mM

TrisHCl; 500 mMKCl; 0.1% (w/v) Gelatine; 1%Triton X-100; plus MgCl2 (see

primer), 5 ul dH20 and 5 U Taq DNAPolymerase) was added. The cycling was

(93°C, 15 see; 55°C, 45 see; 35 times and 72°C for 5 min extension). The

following primers were used as described elsewhere (42, 43) TNF (0.8 mM

MgCl2), IL-4 (1.4 mMMgCl2), IL-10 (2.0 mMMgCl2), p35 (0.8 mMMgCl2),

p40 (0.8 mMMgCl2), TGF-ß (1.4 mMMgCl2), IFN-y (1.4 mMMgCl2), iNOS (1.4

mMMgCl2) (5'-GCT GTGCTCCATAGTTTC CA-3'; 5'-ATG GAAGCAAAG

AACACCAC-3') and ß2m (1.4 mMMgCl2).
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3.4. Results

Endogenously produced TNF and Nitric oxide is a crucial effector molecule

in the intracellular growth control of L. monocytogenes by BMDM

Since mice deficient for TNF/LTa were unable to control low titer infection with

L. monocytogenes and succumbed to listeriosis (10), we investigated the role of

endogenously produced TNF in antilisterial growth control in vitro. Wildtype
and ko BMDMwere prestimulated with IFNy in combination with LPS or heat

killed listeria (HKL) and assayed for antilisterial growth control. The prominent
involvement of endogenous TNF in intracellular growth control became clear

by the fact that pretreatment with IFNy and LPS was only effective in wild-type
BMDM(Fig. 1A). This dependence was further demonstrated by an abrogation
of growth control by neutralization of TNFwith anti-TNF antisera (Fig. 1A). NO

production was only slightly reduced in ko BMDMcompared to wild-type
BMDM. In addition TNF neutralization had only a marginal effect on NO

production in wild-type and ko BMDM(Fig. IB). These results clearly
demonstrate the importance of endogenously produced TNF for the antilisterial

growth conttol of BMDMand that TNF acts in an autocrine way.

Pretreatment of BMDMfrom wild-type and ko mice with IFN-y and exogenous

TNF resulted in a dramatic reduction of inttacellular L. monocytogenes growth

(Fig. 1A). This effect conelates only partially with NOproduction, because TNF

and IFNy prestimulation induced 3-4 times higher NOlevels in TNF/LTa ko

BMDMthan in wild-type BMDM(Fig. IB). However, this increased NO

production of ko BMDMdid not result in improved growth control.

Individually both cytokines show only marginal effects in growth control (Fig.

1A). Further, combined Stimulation of macrophages with IFNy and LPS lead to a

slightly increased NO production in wild-type compared to ko BMDM.

Regardless of the similar NOproduction, only wild-type BMDMshowed an

efficient growth reduction. Stimulation with IFNy and heat killed L.

monocytogenes (HKL) revealed the same effect, but to a lower extent.

Inhibition of iNOS by NMMAresulted in a marked loss of antilisterial activity

indicating an important function of NOin antilisterial growth control of BMDM

(Fig. IB). The resulting inhibition of antilisterial growth control was more

pronounced with BMDMfrom ko mice than from wild-type mice, suggesting an

additional antilisterial, TNF-dependent growth conttol mechanism.
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fig. 1: TNF/LTa ko BMDMare unable to conttol L. monocytogenes growth

without exogenous TNF. BMDM(5xl06 cells/well) were prestimulated for 18 h

with the indicated substances (IFNy 200 U/ml; TNF 10 ng/ml; LPS 10 ng/ml). L.

monocytogenes were added after 18 h in a ratio of 2 cfu/cell and 8 h later

intracellular L. monocytogenes and NOin the supematant were measured as

described in Material and Methods. Growth values are percentages of

intracellular L. monocytogenes from unstimulated BMDM. 100% intracellular

growth represents 4 ± 0.5 cfu/105 cells. The dotted line represents the detection

limit of the NO-assay. All data represent mean values ± SDfrom three individual

experiments.
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Superoxide and peroxynitrite scavenging reduce antilisterial growth control

Peroxynitrite, the reaction product of nitric oxide and Superoxide anion, has

been suggested to be an ultimate effector molecule in bacterial killing (7). By

using the cell permeable Superoxide dismutase mimic MnTMPyPas a

Superoxide anion scavenging agent and uric acid as a peroxynitrite scavenger,

the Superoxide anion effector arm as well as the suggested final effector

molecule were tested for their importance in listerial growth conttol. BMDMof

wild-type and knockout mice were prestimulated with IFNy and either LPS or

TNF, and treated with either MnTMPyPor uric acid. Treatment of wild-type as

well as ko BMDMwith MnTMPyPlead to consideral reduction in antilisterial

activity (Fig. 2). The efficacy of MnTMPyPwas more pronounced in assays

performed with ko BMDM(Fig. 2B). Use of uric acid (fig. 2A), the peroxynitrite

scavenger, lead to approximately two fold reductions in antilisterial growth

conttol in wild-type BMDMbut showed only marginal effects in ko BMDM.

IFNy (200u/ml) - + + + +

LPS (10ng/ml) -- + + .-

TNFa (10ng/ml) ---- + +

uric acid (100(iM)- + - + - +

fig. 2A
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fig. 2B

Abberant TGF-ß transcription in BMDMfrom TNF/LTa ko mice

Macrophage derived cytokines modulate the host response in a paracrine and

autocrine way. To investigate the consequences of TNF deficiency on

macrophage produced cytokines, MnSODand iNOS transcription, BMDMfrom

wild-type and ko mice were stimulated with L. monocytogenes in presence or

absence of IFNy. The corresponding transcripts were visualized by RT-PCR.

With the exception of TNF, TGFß and MnSODtranscripts were approximately

equal in ko compared to wildtype BMDMwith and without IFNy pretreatment.

(Fig. 3). Compared to ko BMDM, wildtype macrophages showed an

approximately ten fold reduction in TGFß transcripts after stimmulation. A

similar, however less pronounced decrease was seen in the MnSODtranscript.

LTa was not transcribed in wild-type macrophages (data not shown).

Comparable results were obtained if LPS was used instead of L. monocytogenes

in corresponding experiments. In addition transcripts of iNOS were clearly

increased by IFNy pretreatment.



IFNy + + + +

LM + + + + + + + +

wt ko wt ko wt ko wt ko

MnSOD

fig 3 Detection of different mRNAtranscripts of BMDMafter LMStimulation

with or without IFNy presümulation Total cellular RNAwas extracted, reverse

transcnbed, and amplified by PCRwith specific primers as described in Material

and Methods

Impaired Superoxide anion production of BMDMfrom TNF/LTa ko mice

The production of peroxide was determined based on dihydrorhodamm-related

fluorescence Durmg the oxidative burst, phagocytic cells release Superoxide

anion through the membrane bound NADPHoxidase Hydrogen peroxide

produced by dismutation of Superoxide anion, is the Substrate for the

myeloperoxidase catalyzed oxidation inside the phagosome The

nonfluorescent dihydrorhodamine 123 is oxidized intracellularly in a

peroxidase-dependent reaction to green fluorescent rhodamine 123

Companson of the peroxide production of unstimulated ko and wt BMDM

shows equal basic levels, demonstrating that the activity of the mitochondna

respiratory burst was not changed (tab 1) After Stimulation of BMDMwith

PMA, the fluorescence was highly increased but also equal After IFNy/LPS

Stimulation, the peroxide production of knockout BMDMreached only about
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10% of the values observed with wt BMDM(tab. 1). Use of exogenous TNF

resulted in equal peroxide production irrespective of the BMDMgenotype.

+/+ -/-

total MESF AMESF total MESF AMESF

unstimulated

PMA/IFNy

IFNy

IFNy/LPS

IFNy/TNF

24.1

80.0

23.2

29.0

41.2

0

55.9

-0.9

4.9

17.1

23.3

73.0

24.0

23.8

40.0

0

49.7

0.7

0.5

16.7

table 1; Mean values of flow-cytomettic histograms of BMDMrespiratory burst

activity. These values represents one of two independent experiments.
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3.5. Discussion

In concert with cytotoxic T-cells and NK-cells, macrophages play a predominant

role in the host defence against intracellular pathogens such as LM or M.

tuberculosis (2). Studies from ko mice show the importance of TNF in the host

defence against LM. TNF/LTa deficient mice as well as TNF-R55 ko mice are

highly susceptible to LMinfection (10, 39) LTa ko, however, are able to control

LMinfection (N. Ruddle personal communication). Therefore, TNF TNF-R55

interaction plays an important role in host defence against LM. TNF stimulates

chemokine production (44), it lyses virus infected cells (27), upregulates MHC-

class II expression (3) and activates together with IFNy macrophages which are

the main cellular source of TNF in vivo. IFNy alone did not induce NO

production in BMDM.A second signal either mediated by LPS, TNF or other

Compounds is necessary. Macrophages from TNF-R75 but not from TNF-R55

deficient mice can produce NO after Stimulation with IFNy and TNF (11).

Therefore signaling via TNF-R55 is important for TNF induced NOproduction.

Although there were comparable amounts of TNF-R55 expressed on the surface

of untreated or IFNy and TNF treated wild-type and ko macrophages (data not

shown), Stimulation with IFNy and TNF lead to 2-3 times higher NOlevels in ko

BMDM(Fig. 1). A reason for this increased NOproduction from ko BMDM

might be an uncoupled or delayed negative feedback regulation via the

arachidonic acid pathway products, namely PGE2, which is known to down

regulate iNOS transcription (48). A reduced Superoxide production with a

consequently reduced peroxynitrite formation may also contribute to higher

measurable nitrite levels. IFNy primed BMDMfrom ko mice compared to wild-

type mice produce lower NOlevels after Stimulation with LPS or HKL (Fig. IB).

This is not surprising because LPS is a strong inducer of TNF in IFNy primed
BMDM(12, 17, 34). Recently it has been shown that taxol and LPS induce

iNOS in a protein kinase C dependent manner different from TNF signaling (21,

35). This different signaling would explain the slightly higher NOamount in

wild-type BMDM.Antibodies against TNF in LPS and IFNy stimulated BMDM

were able to reduce NOproduction (Fig. 1A).

LM growth reduction was only observed when BMDMwere able to produce
NO. Inhibition of NOby NMMAabolishes the antilisterial activity (Fig. 1).

These data and data from other groups clearly demonstrate the importance of

NOfor the growth reduction of intracellular bacteria in BMDM(4). Leenen et

al. have described a nitric oxide independent pathway in a macrophage cell line

(28). They argue that gentamycin which is used to kill the extracellular LM
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during the killing phase was influencing the results. Wehave performed our

experiments with or without gentamycin and did not see any differences. These

gentamycin independent killing of intracellular LM was in agreement with

previously published results (37).

Our results provide evidence for a nitric oxide dependent and a nitric oxide

independent pathway. If BMDMwere prestimulated with IFNy and LPS there

were comparable NOlevels in the supematant of wildtype and ko cultures (Fig.

IB) but this Stimulation led only in the case of wildtype to a dramatic growth

reduction (Fig. 1A). The same Observation was made after Stimulation with IFNy

and HKL. Since Stimulation with IFNy and TNF resulted in the same growth

reduction, the conclusion that endogenously produced TNF is responsible for

the difference is obvious. Another evidence stems from IFNy primed wild-type

BMDM.After treatment with antibody against TNF they lost the antilisterial

activity and showed the same growth reduction as ko BMDM(Fig. 1A). More

impressive was this effect after treatment with IFNy and LPS (Fig. 1A). These

results clearly demonstrate the importance of endogenously produced TNF for

the inttacellular growth control. Endogenously produced TNF has been shown

to be important in IFNy mediated killing of Schistosoma mansoni, as NO

production and killing were inhibited by anti-TNF antibody treatment of

peritoneal macrophages (34).

After treatment with the SODmimic MnTMPyPdifferences in intracellular

growth between wildtype and ko BMDMare less pronounced at low

concenttations and dissappeared at the highest concentration of MnTMPyP,

suggesting that Superoxide degradation in wildtype BMDMinhibits growth

control to a level comparable to ko BMDM. Uric acid, a peroxynitrite

scavenger, abolishes the difference in growth control between wt and ko

macrophages stimulated with IFNy/LPS.

Measurement of the inttacellular peroxide production by a fluorescence method

demonstrate the inability of ko BMDMto produce peroxide after IFNy/LPS

Stimulation. The detected peroxide levels correlate well with the observed

killing data. This is an additional proof for the importance of ROI in the

inttacellular growth control. Further we looked for a imbalance in the stimulated

cytokine pattern which could be responsible for the absence of peroxide in

IFNy/LPS stimulated ko BMDM. It is known that Stimulation with TNF and

TGFßis critical for the regulation of macrophage activity. While TNF activates

Superoxide, IL-1 and autocrine TNF production, TGFß is a negative regulator of

these effects (49). The cytokine pattern of stimulated BMDMshows no
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differences in IL-Iß, IL-6, IL-10, IL-12, and GM-CSFmRNAlevels. Only in the

case of TGFß a strong up regulation of mRNAin the ko macrophages was

observed (Fig. 3). This up regulation of TGFß transcripts in ko mice is well in

line with the reduced LMgrowth, because TGFß suppresses the production of

iNOS in macrophages (21, 51) and down regulates Superoxide production in

stimulated macrophages and microglia (46, 49). Further experiments testing the

involvement of TGFß in the LM model will complete the picture of the

importance of TGFß.
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4.1. Abstract

Mammalian p38 mitogen-activated protein kinase was originally identified in

murine macrophages and as well in transfected pre-B cells expressing CD14

where it is activated upon Stimulation with lipopolysaccharide (LPS). It has also

been recognized that tumor necrosis factor activates the p38 MAPkinase

pathway. Since bone marrow derived macrophages are able to produce large
amounts of nitric oxide, a fact accounted for by the inducible form of nitric oxide

synthase, in response to the Stimuli described above, we investigated the role of

p38 MAPkinase in the induction of iNOS. The NOproduction induced by IFNy

and LPS is markedly reduced after pretreatment of cells with the highly specific

p38 kinase inhibitor SB203580. Interestingly, formation of NOelicited by IFNy

and TNF is only slightly affected. Neither LPS nor TNF alone are able to induce

large amounts of nitric oxide without a priming through IFNy. Although IFNy
alone has no effect in terms of measurable NOsynthesis, its priming effect is an

absolute requirement to render a second Stimulus such as LPS or TNF efficient.

The possibility that the reduction in NOsynthesis is due to a general inhibition of

proinflammatory cytokines by SB203580 holds only partially true. While IL-6

and TNF production are markedly reduced, IL-1 and GM-CSFremain unaffected

(personal communication from Dr. A.N. Shakhov and Prof. J. Saklatvala). This

results suggest that LPS-elicited iNOS induction and subsequent production of

nitric oxide is strongly dependent on the activation of the p38/ RKprotein kinase

pathway.
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4.2. Introduction

The immune System can be divided in two major branches, the first one is the

innate or non-specific immunity, the second one compnses the aquired or

specific immunity The complex cellular interactions involving cells of the

immune, inflammatory, and hematopoietic System are mediated by a group of

secreted low-molecular weight (glyco-) proteins collectively called cytokines

These molecules play an important role in terms of regulation of the immune

response Most cytokines act on nearby target cells, although in some cases they

can also act in a autocnne manner or on distant cells The biological activities of

cytokines exhibit pleiotropy, redundancy, synergy, and antagonism, which

contnbutes to the complexity of the cytokine network (15)

A prominent proinflammatory cytokine is tumor necrosis factor (TNF) The

major cellular sources are macrophages and monocytes To indicate some of its

numerous effects, TNF acüvates macrophages and granulocytes and sümulates

secretion of cytokines, production of mtnc oxide and Superoxide, the expression

of adhesion molecules such as ICAM, VCAM, and MadCAMetc (for review

see (1))

Apart from its functions as neurotransmitter and endothehum-denved relaxing
factor NOwas revealed to be an important molecule in the immune system It

takes part as a toxic effector molecule in first line defence against vanous

microbes such as bacteria, intracellular parasites, helminthes, and viruses The

microbicidal properües of NOhave been well estabhshed (25)

But NO is a two-edged sword, though its toxic potential is favourable for

cleanng micro-organisms it can also turn against the host itself Increased NO

formation is associated with inflammation (arthnüs, ulcerative Colitis, Crohn's

disease) In addition unregulated NOsynthesis may become self-destructive as

known in disorders such as autoimmune disease, immune rejecüon of allografted

organs, and sepsis These facts suggest that NOproduction has to be a tightly

regulated process It also Stresses the importance to understand the signalling

pathways through which mtnc oxide formation is triggered in order to have

potential therapeuüc targets to avoid damage by misguided NOproduction

During the last years it became clear that several cytokines (e g IL- 1, TNF) are

also involved in this regulatory network

Activation of the p38/RK MAPkinase pathway is possibly one of die earhest and

maybe die central response after an msult causmg stress to the body Indeed,
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besides TNF, also IL-1, LPS, heat shock, UVradiation and hyperosmolarity have

been shown to activate the p38 MAPkinase pathway (11,23).

To investigate the role of TNF and in particular the role of LPS in the NO

synthesis of macrophages we used bone marrow derived macrophages from

different knock out mice.



-94-

4.3. Materials and Methods

Animals. Eight to ten week old TNF/LTa (-/-) mice and their wild type

counterparts were used for the preparation of bone marrow derived macrophages

(BMDM).

Reagents. LPS from Escherichia coli (serotype 011LB4) was purchased from

Sigma Chemical Co (St. Louis, MO). The horse serum (seromed) used in cell

culture was purchased from Fakola AG (Basel, Switzerland). Recombinant

mlFNy (3.6xl06 u/ml) was a gift of Dr. L. Ozmen (Hoffman LaRoche-AG,

Basel, Switzerland). mTNFwas kindly provided by Dr. Kravchenko (Scripps
Research Institute, San Diego, CA). The p38 MAPkinase inhibitor SB203580

(chemical name: 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)-

imidazole) was kindly provided by Prof. J. Saklatvala.

BMDMpreparation. Bone marrow cells isolated from femurs of mice were

cultivated for 7 days in Dulbecco's modified Eagle medium (DMEM)

supplemented with 20% horse serum and 30%L929 cell-conditioned medium (as

a source of M-CSF) at a concenttation of 10^ cells/ml. Cells were cultured in

bacterial-grade Petri dishes to facilitate Splitting because of a weaker attachement

to the plastic. After 7 days of culture cells were harvested in ice-cold PBS

(wiüiout Ca and Mgions) and seeded in Standard 6-well macroplate at a density
of 10^/ml for 48 hours before Stimulation with LPS and/or cytokines. These cell

preparations contain >99% macrophages, as judged by conventional

histochemical techniques.

Measurement of nitrite. NOwas indirectly measured as nitrite using the Griess

reagent. A Standard curve was prepared using different dilutions of sodium

nitrite. Culture supernatants (50 ill) were mixed with 100 fil of 1%

sulfanilamide, 0.1% N-(l-naphthyl)-ethylenediamine dihydrochloride and 2.5%

ortho-phosphoric acid (all SIGMA). Absorbance was measured at 570 nm in an

ELISA plate reader. Reliable sensitivity was at 1 ^iM. All data represent mean

values ± SDfrom three individual experiments. (9)

RNAIsolation. Total RNAfrom liver tissue was prepared using the guanidinium

phenol-chloroform method (5). RNA(5p:g) was transcribed into cDNAusing M-

MLVreverse transcriptase (Life Technologies, Gaithersburg, MD) and oligo-

d(T)i2-18.

RT-PCR. Transcripts of TNF and ß2m were analyzed by amplification of cDNA

using specific primer pairs (ß2m upper primer, 5'-TGA CCGGCTTGT ATG
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CTA TC-3', lower primer, 5'-CAG TGTGAGCCAGGATAT AG-3'; iNOS

upper primer, 5'-GCT GTGCTCCATAGTTTC CA-3', lower 5'-ATG GAA

GCAAAGAACACCAC-3'; TNF upper primer, 5*-TCT CATCAGTTCTAT

GGCCC-3'; lower primer, 5'-GGG AGTAGACAAGGTACAAC-3'). The

primers were added at a final concentration of 1.6 ]J.M to a 25-llI reaction

mixture, containing 1 (il of the reverse transcription reaction mix, 0.5 u Taq
DNAPolymerase (Amersham Life Science), 0.32 mMof each dNTP and lx

PCRbuffer (Amersham Life Science). The tubes were placed in a Perkin-Elmer

Thermal Cycler (Gene Amp PCRSystem 9600) programmed as follows: (a)

99°C for 1 min (initial denaturation); (b) 26-35 cycles of the following sequential

Steps: 94°C for 15 see (denaturation); 55°C for 30 see (annealing); 72°C for 30

see (extension); and (c) at 72°C for 5 min (final extension). The reaction mixture

(20 ml) was mixed with loading buffer, and DNA was separated by

electrophoresis on agarose gel. Ethidium bromide-stained DNAfragments were

visualized by UVtransillumination. A Hpall digest of pUC19 was run in parallel

as a molecular size marker.

Protein electrophoresis and immunochemical analysis. Proteins (50 u,g per lane)

were separated by SDS-polyacrylamide gel electrophoresis as described (16)

using a discontinuous 10% slab gel System with a 3% stacking layer. Protein

concentration was determined by the method of Lowry et al. (18) with BSA as

Standard. Western blot analysis of iNOS enzyme was performed using an affinity

purified anti-iNOS antibody as described. Briefly, proteins were blotted to PVDF

membrane at 30 V for 12 hr followed by 60 V for 1 hr. The PVDFwas then

incubated with 1.35% gelatine to minimize non-speeifie binding. This was

followed by ineubation with the antibody diluted 1:30 in Tris-buffered saline

(TBS) containing 1%BSAfor 3 hr, and dien three washes were performed for 5

min each with 0.5% Tween 20 in TBS. This was followed by a 20 min

ineubation with an anti-rabbit IgG peroxidase conjugate (1:25,000 in 1%BSA-

TBS). A chemiluminescent kit, ECL (Amersham International) was utilized for

visualisation of the immobilised antibodies on Kodak XAR-5 film. Protein was

estimated semi-quantitatively by analysing the exposed films from western blots

using a PDI Image analyzer with Quantity One Software Version 3.0 (PDI, Inc.,

Huntington Station, NY). Results are expressed as relative optical density (OD x

mm). Care was taken with film exposure so that images were within the linear

ränge of the instrument.
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4.4. Results

To determine the conditions under which LPS or TNF elicited the most efficient

nitric oxide formation dose ränge and kinetic experiments were carried out.

Based on previous findings revealing a priming effect of IFNy on monocytes and

macrophages (12, 17) combined Stimuli using IFNy/LPS or IFNy/TNF were also

included. After presümulation and LPS challenge detectable NOproduction

Starts between 6 and 12 hours. The peak level is reached about 24 hours after

addition of LPS. Then the NOlevel continuously decraeses to approximately one

tenth of the peak production at a time of 84 hours. This level remained stable

over the period observed (fig. 1). Whereas IFNy alone does not trigger

measurable NOformation (data not shown), it shows a profound influence on the

magnitude of the LPS response.
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0.00
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48h 60h

fig 1 Kinetic of nitric oxide formation in bone marrow derived macrophages. The

period observed was 120 hours, after 60 hours NO production continuous

dropping to approximately 10% of the peak level where it stabilises (data not

shown).

p38 MAPkinase has been demonstrated to be activated after phosphorylation by

upstream kinases (6, 7, 23). To test the role of this signalling pathway we studied

the effect of the highly specific p38 MAPkinase inhibitor on the production of

NOstimulated by IFNy/LPS and IFNy/TNF. Indeed, the induction of NOthrough

IFNy/LPS seems to be strongly dependent on the activation of the p38 MAP

kinase. A 50% inhibition is achieved at concenttation of luM of SB203580. The
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inhibition is dose dependent and reaches its maximum at approximately 3|0.M of

the SB Compound. NOinduction by IFNy/TNF is only slightly affected (fig. 2).

fig. 2. Inhibition of nittic oxide formation through SB203580 in IFNy/LPS

activated macrophages at different inhibitor concentrations. IFNy/TNF

stimulated macrophages are only slightly affected.
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The kinetic of NOsynthesis was not changed by the SB203580 as shown in fig.

3.

fig. 3 Macrophages were stimulated with IFNy/LPS either with or without luM

SB203580 which yields about 50% inhibition. The general time course is not

influenced over the period observed.

As expected the time course was not changed. The next question we addressed

was at which level nittic oxide formation was affected. For this purpose a RT-

PCRanalysis of iNOS transcripts was performed. Reverse transcription with a

subsequent amplification employing the Polymerase chain reaction has became a

Standard and reliable procedure for rapid assessing of transcripts. The

experimental set up was the same as used for dose-dependence and kinetic

studies.
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Cells were pretreated with varying concentrations of SB203580, cells were lysed 24 hours

after Stimulation with IFNg and LPS or TNF, respectively

IFNg/ LPS

time[hours} 0 6 12 24 0 6 12 24

IFNg/ LPS

+ SB203580 IllM

iNOS

«Mt «MWSM»I ^^^ j|g& /||^^' igyy.

Cells were primed with IFNg for 16 hours belor Stimulation with LP apphcation of

SB20358O was done at least one hour before any treatment with cytokines

fig 4

The results reveal a distinct reduction of the iNOS transcript level in

macrophages treated with the p38 MAPkinase inhibitor This is magreement

with previous findings that iNOS activity is predommantly regulated on the

mRNAlevel (Nathan, 1994) mRNAlevels induced by IFNy/TNF do not show

significant changes This is not surprising because a decrease of approximately

10-15% seen in the initial nitrite measurements is unlikely to be observed at the

mRNAlevel using this method mRNAlevels of ß2m served as internal control

and remained unchanged throughout the treatment Relative changes in the

protein levels correlate with mRNAchanges (data not shown)

With regard to NOsynthesis the p38 MAPkinase inhibitor SB203580 seems not

to influence the priming effect of IFNy Induction of iNOS mRNAalready during

the 16 hours ineubation with IFNy prior to the second Stimulus can still be
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observed as seen in die RT-PCR analysis at the time point 0 hours when LPS or

TNF were added. To distinguish between nittic oxide production triggered by

LPS alone and the NOformation mediated by endogenous TNF we also used

bone marrow derived macrophages from TNF/ LTa knock-out mice. Apart from

a somewhat lower nittic oxide when stimulated with IFNy/LPS results were in

accordance with the data obtained from wt mice. The lower overall production of

NOis likely due to the lack of endogenous TNF. These results suggest that

induction of iNOS and the following NOformation in bone marrow derived

macrophages elicited by IFNy/LPS depends on the activation of the p38 MAP

kinase.
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4.5. Discussion

Nitric oxide, one of the smallest (30 Da) and simplest biosynthetic products, is

made by enzymes that are among the largest (= 300 kDa) and most complicated

(20). Their functions are are numerous and ränge from neurottansmission (4, 19,

28), neuroplasticity (3, 10), vasodilation (13, 19, 30), inhibition of platelet

aggregation (8, 22) to macrophage antimicrobial activity (21). Three isoforms of

nittic oxide synthases (NOS) have been found so far: nNOS (first identified in

neurons), eNOS(found in endothelial cells) and iNOS (found in macrophages)

(for details see (20)).

The signalling mechanisms through which NOformation is regulated are less

clear. The promotor of the iNOS gene contains at least 22 oligonucleotide

elements homologous to consensus sequences for the binding of transcription

factors that are involved in the inducibility of other genes by cytokines or

bacterial products. These include 10 copies of IFNy response dement; 3 copies

of y-activated site; 2 copies each of nuclear factor-kappa B, IFN-a-stimulated

response element, activating protein 1, and tumor necrosis factor response

element; and one X box (29). Since nitric oxide is likely to be involved in tissue

damage it is important to know the different signalling pathways employed by

Stimuli like LPS and various cytokines (24). This might provide new potential

targets for therapeutic modulation of inflammatory processes (2).

Our finding that IFNy priming is required for an efficient formation of nittic

oxide is well in line with previously published results and confirms the

significance of promotor elements linked to IFNy (14, 17, 29). Most of the work

had been done either with cell lines ((17) or with murine peritoneal macrophages

(14) which is a mixed cell population (26). The use of a pure macrophage

population derived from bone marrow cells offers some advantages, first it is

possible to exclude variations caused by other cell types and second,

macrophages are in a quiescent State prior to Stimulation. In contrast, peritoneal

macrophages are collected after an artificially induced inflammation in the

Peritoneum.

The regulation of the iNOS enzyme activity offers many control points as it

requires three cosubsttates (L-arginine, NADPHand O2) and five cofactors

(FAD, FMN, calmodulin, tetrahydrobiopterin and heme) (20). Additional

possibilities are found at the level of transcription, translation and in post-

transcriptional/ -translational processes. Since the main switch for iNOS activity

seems to be the level of its mRNA(20), it is of particular interest to know which
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are the signalling pathways used by LPS and TNF to induce iNOS transcription.

In this study we present evidence that iNOS transcription elicited by TNF is only

slightly affected, while transcription triggered by LPS is almost abolished in

macrophages treated with SB203580, a p38 MAPkinase inhibitor. This suggests

that LPS and TNF use at least partially different signalling pathways to induce

iNOS transcription. The protein levels of the enzyme correlate well with changes

in mRNAamount, thus it is unlikely that the p38 kinase inhibitor interferes with

protein translation. General toxic effects through SB203580 can be excluded,

since its influence on NOformation is differential. In addition cell viability is

unchanged as judged by MTTconversion (Althaus, unpublished results).

Since at least a part of the total NOformation triggered by LPS is indirectly

mediated through cytokine synthesis by macrophages (especially IL-1 and TNF

(27)), it could be that the decrease in nittic oxide synthesis is due to a general

suppression of cytokine production. Indeed IL-6 and TNF synthesis in IFNy/LPS

stimulated macrophages is markedly reduced, whereas IL-1 and GM-CSFremain

unaffected (personal communication from Dr. A.N. Shakhov and Prof. J.

Saklatvala). Thus it is unlikely that a repression of proinflammatory cytokines is

responsible for the reduction in IFNy/LPS elicited NOformation.

In Ulis study we present evidence that IFNy priming is an absolut requirement for

efficient NOproduction in bone marrow derived macrophages ttiggered by a

second Stimulus such as LPS or TNF. The signalling pathway of LPS goes via

the p38 MAPkinase and is at least partly different from the one used by TNF.
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Chapter 5

5. General conclusions and future directions

This chapter is divided in two sections each dealing with one major field in

which experimental work has been carried out.

Leukocyte recruitment

The microcirculation represents the functional interface between the circulating

blood and the interstitial space. In an inflammatory process directed and

regulated leukocyte migration to the site of inflammation constitutes one of the

crucial Steps in the Clearing of the causative agent (10). During the last years it

became clear that cytokines, chemokines, together with adhesion molecules are

essential for this migration and in parallel provide much of the regulatory

network needed (5, 7). Much is known about the mounting of leukocyte

recruitment, whereas the mechanisms shutting down this process are less clear.

Cytokines are obviously involved in limiting an inflammatory response as

demonstrated in this work (Chapter II). Another important point one should bear

in mind is the following, in vitro most studies deal with one cell type responding
to a certain cytokine. Already cocultures of two different cell types may become

difficult to handle. Of course these in vitro Systems provide excellent modeis and

tools to dissect the functions of cytokines, nevertheless it is worth paying more

attention to the combined effects of cytokines. This would also bring the

employed model Systems one step closer to the in vivo Situation, where a given

cell type is integrated in a whole network of cell types and encounters a mixture

of various cytokines rather than a Single one. Another example which illusttates

the above said can be observed when culturing synovial cells with different

concentrations of IL-17 either alone or in combination with TNF. Low

concentrations of IL-17 take inhibitory effects on TNF elicited VCAM-1

expression, while high concentrations promote VCAM-1 expression (alone or

together with TNF) (Moser et al., unpublished results). The physiological

significance of the latter is not yet clear. Experiments conceraing the level of the

regulation (transcription, translation) are currently in progress. The capacity of

IL-17 to modulate the expression of adhesion molecules in other cell types has

yet to be elucidated.
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A recently discovered family of protein termed SOCSwhich Stands suppressor of

cytokine signalling provided new insights in the way how cytokines regulate

their own signal transduction and thus their effects (6, 9, 13). These proteins

seem to act as specific JAK kinase inhibitors. JAK kinases have been shown to

be involved in cytokine signal transduction (6, 9). IL-6 induces all four SOCS

genes, this allows the tempting speculation that SOCSproteins may act in a

negative feedback loop and regulate cytokine signal transduction (13). If this is a

general mechanism is not clear and opens a field of intense research.

Interestingly, IL-4 and IL-13 induce SOCSproteins in differential way (13). The

significance of this fact is not yet clear and remains to be clarified in further

experiments.

Cytokines in the host defence

In this work we used bone marrow derived macrophages in a in vitro infection

model with Listeria monocytogenes (LM). Wecould clearly show that TNF is an

important activator of macrophages and that the lack of TNF leads to a loss of

growth control. The prominent production of nitric oxide (NO) during activation

and infection implicated a function in the killing of LM. Interestingly, the

difference in the LM killing between wt and k.o. macrophages is based on an

impaired Superoxide production. (Althaus, unpublished results). The fact that

macrophages are able to produce large quantities of both nitric oxide and

Superoxide offers a possible role for peroxynitrite, a reaction product of NOand

Superoxide (8) in the antimicrobial activity of macrophages. This reaction is

known for more than ten years and the proof that it occurs in vivo was first

achieved in 1990 by Beckman et al (1, 12). It took quite a long time until a

biologically significant role was attributed to peroxynitrite (3, 14). If

peroxynitrite possesses a similar versatility as nittic oxide does, remains to be

clarified. Nevertheless, possible implications for peroxynitrite are numerous and

its potent microbicidal properties are just one of them (for a recent review see,

(8)). Additional experiments using our infection model will address the extent of

peroxynitrites contribution to the microbicidal capacity of macrophages.

It is quite obvious that the same mechanisms which are beneficial in Clearing a

pathogen may cause substantial damage to the host himself if they run out of

control or they are misguided (4, 11). Thus, it is of particular interest to gain

more insight in the signalling mechanisms employed by cytokines. Selective

inhibitors, which block certain defined functions without affecting others, might

even provide new opportunities to increase the therapeutic potential of cytokines

(2).
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