REGULATION OF MACROPHAGE
ACTIVITY BY EICOSANOIDS

Modulatie van de activiteit van macrofagen door eicosanoiden

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
IN DE GENEESKUNDE
AAN DE ERASMUS UNIVERSITEIT ROTTERDAM
OP GEZAG VAN DE RECTOR MAGNIFICUS
PROF. DR. M\W. VAN HOF
EN VOLGENS BESLUIT VAN HET COLLEGE VAN DEKANEN.
DE OPENBARE VERDEDIGING ZAL PLAATSVINDEN OF
WOENSDAG, 27 NOVEMBER 1985 TE 14.00 UUR.

LOOR
EvertJan Schenkelaars

Geboren te Veldhoven

1985
Drukkerii Van Nievelt Goudriaan & Co. B.V.
Rotterdam



BEGELEIDINGSCOMMISSIE

PROMOTOR: PROF.DR. LL. BONTA

OVERIGE LEDEN: PROF.DR. R. BENNER
PROF.DR. KF. KERREBIJN
PROF. J.H.P.WILSON

The experiments described in this thesis would not have been possible
without the generous gifts of leukotriene C 4 from Dr. J. Rokach, Merck
Frosst laboratories, Canada.

Financial support by the Netherlands Astma Foundation for the publication
of this thesis is greatfully acknowledged.



Arjan,

TWEN uCXpLy¥ e usUPlETo oV ELpX
OTEX (G GE¥ £zoi XOL FOVYR TREXC!
XUOCV OO Lo SEV XV¥IYR

un Lo puroeln Sev wolroln
OTHONTE AL¥o Fio poxplio

YVIX VO XpUTRTRI THY X0pX.






CHAPIER 1.

CHAPTER 2.

CHAPTER 3.

CHAPTER 4.

CHAPTER 5.

CHAPTER 6.

CONTENTS

PREFACE

MACROPEAGES

EICOSANQIDS

ADENYLATE CYCLASE

RELEASE OF EICOSANOIDS BY MACROPHAGES

EFFECTS OF EICOSANOIDS ON MACROPHAGE FUNCTIONS

INVOLYEMENT OF CYCLIC AMP IN THE REGULATION
OF MACROPHAGE ACTIVITY

SUMMARY AND CONCLUDING REMARKS

SAMENVATTING EN CONCLUSIES

REFERENCES

APPENDIX; MATERIALS AND METHODS

NAWOQRD

CURRICULUM VITAE

LIST QF PUBLICATIONS

21

33

39

51

69

g

33

101

121

127

129

131






PREFACE

Mononuclear phagocytes increasingly appear to have a c¢entral regulatory
role in governing inflammatory and immune responses. The concept of macrophage
activation dates from Metchnikeff who noted that mononuclear phagocytes rom
animale registant to bacterial challenge had perfected their powers of
vhagocytosls and microbicidal destruction. This c¢lasslcal view places the
macrophage in the efferent part of the immune system. More recently 1t has been
shown that macrophages are crucially invelved in the regulation of lymphocyte
Tunction, thus playing an important role in the afferent part of the lmmune
system. Chapter 1 briefly summarizes the role of macrophages In  immunity, the
mechaniszms leading to macrophage activation and alterations in macrophage
metabolism and chemistry that accompany these changes.

Multiple gignals from the extracellular milieu act on macrophages to
regulate activasion. In turn, the numercus secretory products ¢f macrophages
2act on the environment. Among +these products are arachidonic acid derived
metabolites {chapter 2) which play a profound role in dictating the progression
of immune events. For example, varicus hydroxyelcosatetraenoic acids and

leuketriene B4 are extremely potent in regulating the functions of neutrophils,

the hallmark of acute inflammatory mechanisms. In additien, gpecific
prostaglandins have been shown ¢ medulate the function of macrophages and
suppress a variety of inflammatory or immune related processes. For example.
earlier observations in our laboratory showed that prostaglanding of the
E-series inhivited the development of the macrophage mediated proliferative
component of an inflammatory reaction. They further indicated that this
inhibition was realized via stimulation of maerophage cyclic AMP synthesis. In
chapter 3 the mechanisms, by which alterations In cyclic AMP content affect
macrophage activity are briefly summarized.

The findings deseribed in the previous paragraph led to <the experiments
described in  this thesils, which are aimed at unravelling the interaction 9f
various arachidenic acld oxygenation products with regard te the regulation of

macrophage activity.






CEAPTER 1, MACROPHAGES

1 INTRCDUCTION

The term "mononuclear phagocytes™ is generally used to refer to a very
large family of phagoc¥tic cellg which are 2ll derived from the bone marrow or

98

blood monecytes” , although a self-renewing population of tissue macrophages has

been postulated as we1161

{(figure 1). These c¢ells are long-lived and, in
contrast to another phagocyte, the neutrophll granulocyte, they have the
capacity to differentiate into a variety of macrophages or macrophage-like cells
in responze to different activating signals. A typilecal macrophage does not
exist. Originally characterized as phagocytic cells172. macrophages have over

the last twe decades been recognized as omnipotent cells, making wup  the

TISSUE MACROPHAGE

EXUDATE MACROPHAGE

Figure T. Origin and percxidatic activity of macrophages. Peroxidatic activity
in  the nuclear envelope (meonoblast, promonocyte and tissue macrophage), peroxi-
gdase pogitive granules (all except tissue macrophage), Golgl apparatus {promone-
cyte) and endoplasmic resiculum (menoblast, promonocyte and tissue macrophage).



Table 1. Secretory products of macrophages.

-hydrolytic enzymes {a.o. lysozyme)
-oxygen metabolites

-geveral complement components
—-interferon

—interleukin-1

-fipreblast stimulating factor
-az-macroglobulin
-platelet-activating factor
-cicosanolds

-thymidine

-monecytopoiesis inmcreasing factor (FIM)

non-gpecific branch of the immune system180. Net only does the macrophage

ingest and kill micrcbes, 1t also plays a key role in daitiating an immune
reaction and subsequently modulates the ilmmune responses. additicnally,
macrophages were found teo selectively and efficiently lyse tumour ce1158’124.
The efficiency of the macrophage oprimarily is based onrn the release of an
enormous battery of secretory products (table 1)77'114’734. Mozt of these
preducts are eilther 1nvolved 1n the defense agalnst microorganisms, the
degtruction of damaged or necoplastic cells, the stimulation or inactivation of

varlous enzyme systems or the modulation of immune responses.

2 FUNCTION

In spive of the danger of overelmplifying the diverse functional aspects of
macrephages., in the fellowing  paragraphs the mechanlsms Invelved in
phagocytosis, cytotoxiclty and immuncregulaticn wiil ©be discussed seperately;

in fact ail these functions are interrelated.



Phagocytosis and bactericidal activity-
Mononuclear phagocytes bind and efficiently destroy a  variety of

microorganisms. Phagooytezis 13 a two step process114.

The first step Involves
attachment of the particle to the macrophage membrane. During the second step.
the surface membrane mnoves over the particle until it is covered. For an
efficient phagocytosls the participation of Fe- (immunme complexes) and C3b-

(complement c¢leavage products) receptors are required77’134.

Upsonization of
the antigen or particle with antibodies greatly facilitates binding as well as

the actual engulfment, opsonization with complement factors only enhances

bindingzjs. Fc- or C3b-mediated activation of macrcphages is accompanied by =z
rapid secretion of lysosomal enzymes133 and various mediators i1ncluding
206

arachidonic acid oxygenation metabolites The significance of both events
will be discussed in more detail in other partg of this chapter.

Phagocytosis 1s followed by a metabolic burst with an  increase of oxygen
utilization. The oxygen 1s used for the production of superoxide, in order to
preduce hydregen peroxide, hydroxyl radicals and other oxygen radicals such as

148

zinglet oxygen Studies using cell lines which are defective for oxygen

metabolism indicated that hydrogen peroxide 1s primarily responsible for

intracellular killing of phagecytosed bacteria63’24?.

After reconstitution with
a hydrogen ©peroxide generating system the bactericidal aetivity of these
defective cells was restored.

A second effector mechanism of macrophages involves theilr capacity to
secrete a variety of hydreolytic enzymes, which may enhance killing of microbes.
Macrophages contain a number of enzymes with different gspecificlties and
functions.

Lysozyme (muramidase), a cationic protein with a hydrolase activity, may be
congldered & typical phagecytic enzyme11’108. However, while it ig secreted by
the living monocyte it iz only released by the dying granulocyte119.
Monconuclear phagoecytes have a wvery low intracellular lysozyme conteat,
nevertheless they continuously secrete large amounts of lysozyme. the rate of
secretion being sgimilar in resident, qulescent and activated or elicited
macropha@eswa. Lyszozyme secretion is a usefull parameter 1In asgessing the
viability of maercophages 1In  culture since the rate of secretion remalns very
constant. The measurement of lactate dehpdrogenase, a cytoplasmic enzyme,

activity in supernatants can be used for the same purpese as, under normal
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culture conditions, it 1s not released from the cells.
Iysosomal hydrolases originally were found in phageseomes where ‘they serve

the purpose of intracellular digestion54. Phagosomes arise from the fusion of

281 it was found that

endocytic vacuoles and lysosomes. Some fiftheen years ago
macrophages vreleage large gquantities of lyscsomal enzymes 1in response 1o
phagoeytic stimuli. It was also established that the rate of stimulated release

65. The fact that the amounts of

reflects the degree of activation of the cell
lysogsomzal hydrolases exereted, exceed  the amounts  which are present
intracellularly, iIndicate <that the release is based upon de nove syanthesis.
Indeed 1t could be ghown that cycloheximide, a protein synthesis Inhibitor,
almost completely blocked the releaseez4.

Neutral proteinases play a major role in various inflammatory processes and
may effectively destroy constituents of the connective tissues. The best-known
neutral preoteinase is plasminogen activator which transformes the inactive
precursor plasminogen into the fibrinelytically active plasmin. Plasmin also
hag the capacity to activate the complement and kinin systemsw49. Oonly
activated macrophages release neutral proteinases, which 1s the reason vwhy
plasminogen activator release is often used ag a vparameter to distingulsh

between resident and stimulated or elicited macrophageszzs,

Cytotoxicity.

Conglderable interest has been focussed on the cytotoxic activivy of
macrophages, a function which is believed +to play =2 significant rele in
resistance to infection, tumour regjection and certzin autoimmune reactions.
Although the exact mechanisms which underlie cytotoxiclty are beyond the scope
of this thesis and are extensively reviewed elsewhere4'166'200’251. some aspects
of cytotoxicity will be discussed in the following section.

) Two distinct medes of acticn can bBe distinguished by which macrophages
destroy tumour cellsz. The first of these is the rapid, highly specific lysis
of antibody-coated targets in which neoplastic as well as non-neoplastic cells
can be destroyed. ZEvidence from murine systems strongly indicates recognition
of antibody-coated targets is mediated largely by Fe-receptors on the

macrophag83185 and that secretion of hydrogen vperoxide 1s a majer lytie

L1
11:1e<:hzm:f.sm'3 44. The second mode of action 15 a slow, contact-dependent

cytotoxicity, which is selective for neoplastic targets and not dependent on the
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presence of antibodies. The mechanisms by which actilivated magrophages injure
neoplastic cells are incompletely defined at present. A possible factor may
invelve premature induction of a fatal cycle of tumor cell division. The lethal
result weould be the generation of an aberrant populatlon of tumour cells with 2
reduced content of DNASS. Also, secretion of a neutral protelnase, termed

cytolytic factor, that effectively lysis neoplastic cellsj'143

ig congildered te
be one of +the major events in macrophage mediated cytotoxicity. Other
macrophage derived factors which have been described as ¢ytotoxic include

thymidinezgz. arginasesg. cachectin18 and a recently defined198 seluble factor.

related to lymphotoxin73.

Immuneresgulation

Recently considerable advances have been made in understanding the role of
macrophages in the regulation of the immune response, whereby the attention has
been focussed on the effects of gecretory products, including monokines and
elcosancids, Macrophages are essential for the initiation and maintenance of a
variety of lymphocyte effector cell functlons {table 2). Howegver, macrophages
can act as “helper c¢ells” during initiation of an immune regponse, and ag

“suppressor cells” at a later stage101.

Tzable 2. Macrophages act as accesory cells in:

-antigen induced T-cell preoliferation 211,243

-lectin induced T-cell proliferation 145,181,222

-interactions between T-and B-cells in antibody formation 199,241
-interacticons with T-cells in cellular immunity reactions 107.174,2%0
-ipteractions with B-cellz and pelyelonal stimuli 212,270

~-mixed lymphocyte recactions 57,99

—anti-tumcur Immunity 248
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Antigen presentation by macrophages 1s a prerequisite for all aspects of

39,186,250 o

antigen-specific T lymphocyte responses, including T cell memory
preliferative response of T cells te antigens has been one of the systems most
extensively employed Tfor gtudying macrophage-lymphocyte Iimteractions. Such
antigens include synthetic amino acld polymers and polypeptide hormones as well
as =enogenecic antibodies. An example of the induction of amtigen-specific
proliferation of T c¢ells from a study by Huber and Stingl135 ls given below. In
this experiment purified T cells were sensitized to rabbit Igh pulsed human
macrophages. Secondary proliferative responses were subsequently induced by
restimalation of szensitized T cells with antigen-pulsed or native macrophages.
A proliferative response could only be induced with autologous, antigen-pulsed
macrophages. Furthermore, depleting +the macrophages of the HLA-DRT cells
completely abolished the observed responses. This second finding emphasizes the
importance of +the major histocompatibility gene complex (HLA in man, E-2 in
mice)168.

The major histocompatibility system codes for a large group of surface

14,238

glycoproteins One type of glycoprotelns corresponds serologically te the

HLA-D regilon associated antigenz in man and the I region assoclated antigens in

rodents. These antigens, which were indentified on macrophages, B lymphocytes

and on a few activated T 08113250‘ are identical to those gstructures on  the

surface of macrophages which control cooperation with T cells4o‘5o.

Thus, for
effective T cell-macrophage cellaboratlon inm man, two essential features are
required: (I) that the proliferating T ¢ell and  the macrcphage are
histocompatible, share the ELA-D/DR regiom; (II) that the phagocyte bears the
reglon assoclated antigens (HLA-D/DR) of the major histocompatibility complex.
Secretory products. Among the secretory products of macrophages that

09 26

participate in :‘.mn:n.mcn"eg\.llat:i.on'l monokines =znd sicosancids take the most

prominent positions. As eicosanolds will be discussed in detail in  chapter 2,
the following paragraphs will only deal with the mode of action of monckines.

One¢ of the most important lymphocyte stimulatery molecules ig lymphocyte
activating factor (LAF}, first clearly demonstrated by Cery et 21,102,

after Gery’'s obsgervation, Schraderzz? reported that macrophage supérnatants

Shortly

could also stimulate the development of antibody-secreting B cells. The factor
in the supernatant was termed B cell activating factor (BAF)}. Since studies on

the chemical nature revealed that LAF and BAF were identica1152’2ég. it was
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suggested that the term interleukin-1 (IL-1} bhe introduced to designate the
molecule, a polypepitide with 2 molecular weight between 13.000-16.000 dalton.
Major effects of Ib-1 are tTo stimulate preliferation of T lymphocytes,
augment thelr response to mitogens, and promeote secretlen of a very potent
lymphocyte stimulant, interleukin-2 (IL-2) (Table 3). Although from the
functions enlisted in table 3 ong might conclude that IL-1 1z the principal
immunoregulatory melecule, zome caution must be taken. IL-1 indeed i1is capable
of stimulating antigen induced T cell proliferation but only on the condition
that macrophages are pregent in sufficient amounts tTo aggure proper antigen

prescntation194'272.

Table 3. Effects of interleukin-1

A, Immune system related effects
-stimulaticen of T lymphocute proliferation 167
-induetion of IL-2 release 84
~T lymphocyte surface alteratiom 15.202
-induction of cytotoxic lymphocytes 85
-stimulation of Natural Kilier cells 68
-gnhancement of glucocorticeld resistance 175
—enhancement of the antibody responce 165
-stimulation of antigen activated T-helper cells 147
~induction of prostaglandin synthesis 31,68

B. Non-immunclogieal effects
-inductiorn of fever 213
-gtimulation of acute phase protein synthesis 146
-mpa3cle breakdeown 13
-neutrophll granulocyte activation and migratien 151.22%

-fibroblast, chondrocyte and synovioccyte stimulation 112,201,271
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Also, the induced proliferation is not an effect of IL-1 per se, but seems
to be mediated via IL—ESS’WO, whereas the IL-1 induced immunoglobulin release
is depefxdent on the presence of T cells and macrophagesﬂss. Finally,
interactions  between IL-1 and arachidonic acid oxygenation metabolites,
digscuzsed below, could provide a fine tuning mechanism by which the Iimmune
system could limit its2 own activity {(figure 2). The discovery that IL-1
production is stimulated by metabolites of the lipoxygenase pathwaysg is of
congiderable interest, especizlly in the light of the results presented in thils
thesis. Cyclooxygenase derived metabolites of arachidenic acid on the other

hand, have been shown to depress IL-1 release as well as the effects of IL-1 on

1y‘mphocytes42 123 -
Cytotoxicity
LYMPHO- Proliferation
tmmunoglobulin
CYTES secretion
+ *
Ag presen-
tation

[ )

Tumoricidal
Bactericidal
activity

e |

Figure 2. Interaction between elcosancids and interleukin-1 in the regulation of
macrophage activity. Abbreviations used for antigen (Ag), interleukin-1 [IL-1),
interleukin-2 (IL-2), leukotriens Cy (LTC4_), macrophage activating factor (MAF)
and prostaglandin E2 (PGE2).
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% ACTIVATION

Macrophage activation is neither a single alteration nor a fixed set of
alterations in macrophage metabolism. Rather, activation is better viewed as
competence to carry out one ¢omplex function or ancther and, as such, depends on
gxpression of multiple capacities, which mey vary depending on the function.

Thus. macrophages activated for tumericidal activity are not necessarily

activated for micrebicidal function, while macrophages activated for
microblecidal function are not necegzsarlly activated for tumericidal
function153'183. For the sake of clearness a distinction has t¢ be made between

activation and state of activity of macrophages. Evidence has emerged that
macrophages become activated by passing sequentially through a series of defined
stages. These stages may be induced in vive and in vitre, and each is
operationally §efined by how 1t iz induced and how it must be further stimulated

125,171,247

to expresz full activation Singe thisphenomenon is  excellently

Table 4. Factors uged for macrophage activation

in vitro: in vivoe:

~latex beads/zymosan -serum
-microorganisms -microorganisms
~endotoxin -endotoxin
-concanavalin A -thioglycollate
-phorbel myristate acetate -CarragCenan
-complement facters -pretease peptone
-immune complexes -adjuvant
-lymphokines

-icnophore

-arachideonic acid

Xote: the stimuli applied im vive can be algse used in vitro



revieved elsewhere4 and is beyond the scope of this thesis, the following
paragraphs will be restricted To a brief comparison between resident and
elicited/inflammatory macrophages.

Several eliciting agents have been shown in experimental animals to recruit
populations of activated, inflammatory macrophages, and in wvitro culture
experiments have demonstrated that guiescent, resident tissue macrophages can be
induced to differentiate im response <Teo particulate and soluble factors
(table 4). When an inflammation is induced in the periteneal cavity, there is
an increased Influx of bone marrow derived monocytes from the peripheral blood
into the peritoneal cavity,. which differentiate into inflammatory macrophages at
the site of inflammation. Inflammatory macrophagegs differ in numerous ways from
recident tissue macropha5e561. They are larger and more irregular in shape. In
additien, their surfaces are rougher and show more preminent ridgelike
processes. In inflammatory macrophages the lysosomal apparatus is  etimulated,
large 1lysosomes and an intense depesition of fat droplets in the vicinity of
lygosomes c¢an be observedTS. Charzecteristic differences are found between
resident and inflammatory macrophages with resgpect 4o the intracellular
distribution of peroxidase activity51. Regsident  macrophages contain  a
peroxidase activity which ie located in the rough endoplasmic reticulum and the
nuclear envelope. In contrast, in inflammatory macrophages the peroxidase iz
located in granules which are known to fuse with phagosomes as a result of which
peroxidase is released into these vesicles.

In table 5 changes in biochemical parameters of Inflammatory macrophages in
comparison with resgident magrophages are listed. Noteworthy most alterations
are Increagses with one major exception: the prostaglandin synthetase system and
the herewlth associated intracellular cAMP content. However, 1t must be
emphasized that inflammatory macrophages respond to a second, in vitre stimulus
with an enhansed production of prostaglanding followed by a rapid inerease in
intracellular chMP content. The sgignificance of this phenomenon will Dbe
digcussed in extenso elsewhere in this thesis.

Finally, the way in which the peritoneal exudate is induced and the nature
of the inducing agent 1itself may change the properties of the macrophage
population. Suppert for this statement can be found in the results of gtudles
using macrophages obtained from dialysis bags of patients on continuous
20

ambulatery peritoneal dialysis Using this technique for <the treatment of



humang with a renal disease,” the population of macrophages in the peritoneal
cavity ig renewed every six hours. Therefore it iz justified to denominate the
macrophages obtalned from the dialysis fluid as elicited. However with respect
to functional aspects, in terms of cyclic AMP content and resporsiveness 1o
prostaglanding these macrophages did not show characteristics of inflammatory

cells.

Table 5. Biochemical changes induced by stimulzation of macrophages

Porameter Effect Reference

lyscsomal enzyme release 1 65
plasminogen activator releaze t 118e
interleukin-1 release t 131
production of reactive 02 metabolites 1 197
Ia-antigen expression t 46
alkaline phosphodiesterase activity t 76
adenylate cyclase sensitivity 1 78
lysozyme release t 225
c-AMP content ¥ 78
progtaglandin production { 2%
phosphulipase—A2 activity ' 136
cyclooxygenase activity { 244
5'-nuclectidase activity 4 136
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CHAPTER 2, EICOSANOIDS

1 INTRODGCTEION

Few areas of biclogiczl research have ever expanded as rapidly as that
relating to the eclcosanocids. Eicosanoids iz the general term used for the
metabolites which are derived wvila oxidative metabolism of the fatty acid
arachidonic acid. They include prestaglandins, thromboxanes, leukotrienes,
lipoxins and other oxygenated compounds.

Although the existence of prostaglanding and leouketrienes already was
described in the 19305 by von Euler83 and Fcldbergas, the true importance of
these mediators could only be assessed after elucldation of their structure and
¢f  the pathways involved in the bilosynthesisz of these substances. In 1964 this
wag Independently realized for prestaglandins by a Swedish and Netherlands

16,71

group Platelet aggregating activity of intermediates in the prostaglandin

aynthetase pathway which ¢ould net be explained with the effects of the then

known prostaglandins led to the discovery of thrcmboxaneswwv.

Shortly after, in
1976, it was established that bleed vessels could releagse a prostancid which
zhowed effects opposite to those of thromboxane. The newly found metabolite was

termed prcstacyclin142-

In the meanwhlle 1t was shown that non-gsteroidal
anti-inflammatory drugs (=-&. aspirine) inxibit cycleoxygenase, the enzyme
which 18 responsible for the conversion of arachidonic acid into

253

prostaglandinsg Befeore bteing converted by cycloonygenase, arachidenic acid

has to be liberatced from phespholipid pools, an event which appearsd to be

blocked by CDrticostGrcidstO.

Since prenounced diffecrences in  the
anti-inflammatory effects of corticostercilids and non-stercidal anti-inflammatory
drugs can be ¢ogerved it seemed conceivable that arachidonic acid generates an
additional inflamratery mediator via a mechanism which 1z =not dependent on
cyclooxygenasse activity. Indeed, it was schown that arachldenic acid can be

converted by a lipoxygenass into lcukotrienec32, gomg of winlchn proved o be
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constituents of slow reacting substance of anaphylaxis (5Rs-A)%2%.  The wltimate

finding in the domain of biologically active derivatives of arachidenice acid was

the recent digcovery of a new group of compounds, the lip0xin9234-

2 BIOSYNTHESIS AND STRUCTURE

Arachidonjc acid liberatien
The liberation of unesterified archidenic acid from cellular phosphelipids

iz congidered to be the prerequisite for the synthesis and secretion of

155

eicosanolds Although there i1s not full agreement on which phogpholipaszes

are Invelved., <the major route of phosphelipid degradation is thought to be

138
5 .

catalysed by phospholipase A Phospholipase A activity is dependent on

2+

2
three distinet, yet related factors: (a) availability of intracgellular Ca

(b) activity of lipocortin and {¢) intracellular cAMP content (figure 1). Since
phogpholipase Ay activity is ca’t dependent an influx of Ca2+. as can be
achieved with the Ca-ioneophore A23187, will enhance arachldonic acld Iiberation

resulting in a2 stimulation of eicosanoid productionesz.

intracellular avallability of Caz+ 1z dependent on the turnover of phosphatidyl

73

Physiclogically, the

inogitol Conversion of phosphatidyl inositol, catalysed by phospholipase C,

yvields inositel phogphates and phosphatidic acid. These products are thought to

be essential for both the mobllisation of intracellular Ca2+ stores and the

influx of Ca2+ from the extracellular milieuw®!. Both phospholipase A, and

93. The name

phogpholipase ¢ are inhibited By a polypeptide, termed liposertin
lipocortin originated from observations that the synthesis of this proteln which

reduces lipld metabolism, was 1induced by ccrticostercid392’127. Macrophages
react very rapldly to corticesterecids, and they may be unuswal in  that
lipocortin syntheels is not induced by corticosteroids (except as a later,
secondary event) but rather that the stercids induce a protein synthesis
dependent release of stored 1ipocortin20. Once the lipocortin is released, the

macrophages are no longer responsive to dexamethason until more protein is made;
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Figure 7. Interactions between lipocertin, Ca2+ and cyclic AMP: effects on
phcspholipase A2 activity.

they are, however, responsgive to added lipocortin45. Lipocertin is inactivated
by phosphorylaticon, which iz carried out By tyrosine kinase. Tyrosine kinase
1tself iz subject to regulation by two serine kinases, protein kinase © and

128 2+

protein kinase A Whereas the Ca dependent protein kinage C activates

tyrosine kinazse, the c¢AMP dependent protein kinagse A  inhibitas it. Thus,

increaszed Ca2+

mebilisation 2¢tivates phospholipase A2 directly and by
stimulating protein kinase C activity, hence stimulating lipocortin
phospherylation, 1t prevents the imhibition of phospholipase A2. CAMP has
opposlte effects: by stimulating Na+/ca2+ exchange 1t lowers the iIntracellular

a2+ 67

c congentration” . Furthermore it activates protein kinase A which results

in an inecreased availability of lipocortin.

Prostaglandins and thromhoxane
Free arachidonic zcild can be corverted by two main pathways f{cyclooxygenase
and lipoexygenage) to a2 varlety of blologically highly-active compounds. The

cyclooxygenase pathway {(figure 2) directly generates prestaglandin (FG) Gy from
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arachldenic acid by the action of an enzyme that is inhibited dirreversidly Dy
agpirin and non-competitively and reversibly by other non-gteroidal
anti-inflammatory compounds. The enzyme has been termed cyclo-oxygenase or PG
endoperoxide synthetase and its mede of action has been propesed to be an
initial lipoxygenase type of reaction with intreduction of oxygen at 011.
Further oxygenation and cyclization yields PGGE. an unstable endoperoxide, which

1g reduced in a2 hydroperoxidase reaction to PGHz. PGH2 is then szublect to

parallel enzymatically catalyzed reactions to yileld six products. These
products include Tour prostaglandins PGD2, PGEE. PG?za and PGIZ {prostacyclin).
a 17-carbon cleavage preduct (HHT) and thromboxane A2219. Ezch prestaglandin is

designated by a letter, indicating the nature of the cyclopentane substituents
and by a subscript which indlcates the number of double bonds, being dependent
upon the precursor fatty acid. Whereag archidenic acid gives rise to  the
progstaglandins of the dienolc “2 serles”, dihomo-¥-linoleic acid and
elcogapentaencic agid are converted inte PG1 and PG3 groups o¢f compounds

respectively.

Zeuvketrienes

In addition to the products of the cyclooxygenase pathway, a number of
non-cyclized compeunds have been described as metabolites of arachidonic acid
via lipoxygenase pathways that are not inhibited by the non-sterocidal
anti-inflammatory drugs to the same extent- These pathways include the 5-, 12-

and 15-lipowygenase routes of which the 5-lipoxygenase pathway gives rilse to

leukotrieneng. Arachidenic acid is cxidatively metabolized wia the

5-lipoxygenase to S-hydrowypcroxysicosatetraenocic acid {5-HPETE) and then either
to the related monohydroxyeicosatetraenolc acid (5-HETE) or to an epoxide

intermediate known as leukotriene A, (LTA4). LTA4 can be converted by two

enzysatic routes to other leukotrienes or by non-enzymatic hydrolysis to 5.12-

and 5,6~di-HETE s (figure 3). The first enzymatic route of metabolism of LTA4
involves opening of the epoxide with glutathione as a nuclcophilcwaz to produce
the peptidolipid coajugate LTCA. LIC[r iz seguentially metabolized to LTD4 by
removal of a glutamic acld residue from the peptide179 and then to LTE4 by

167

cleavage of glycine These three leukotrienes collectively account for the



-seaysed ageusPixedr(-¢ ¢ oJnfTd

Phospholipids

4]
CH3(CH2)u[CH:CHCHZ)u(CHz}fCO—

phospholipase A 2

AA

<

5-lipoxygenase

5-HPETE |

hydrof

L'K'Bu LTCu
o OH
i i e COCH
(I:—O_C_Ri OH CQOH ~CH2
0 = ((HCONHCH ;COOH
C-0-P-0-Base NHCOCHZCH2COOH
1 " leukotriene l‘:!H
By r-glutamyltranspeptidase 2z
synthetase LTD
LTAu ‘
COOH COOH COOH -
-Chy o
CHCONHCH ,COOH '
2
) aminopeptidase
S-HETE

COOH
5- CH
H COOH

2

peroxldase



- 27 -

blologlcal activity known as slow-reacting substance of anaphylaxis (SRS-A).
The second enzymatic reoute i1nvolves the hydration of LTA4 te produce a
5,12-d1-HETE, termed LTB4. and was first described in polymorphonuclear

leukocyteszs.

Lipoxins
In 1984 Serhan, Hamberg and Samuglsson announced the isolation of a new

clase of metabelites of arachidonic acid, the trihydroxyeicosatetracnoic acids
234

or lipoxins The name lipoxin 1g in recognition of their being presumptive

lipoxygenase products. In contrast with leukotrienes however, lipoxing are not
derived via the 3-lipoxygenase but via the 15-lipoxygenase pathway. Arachidonic
acid is oxidatively metabolized via this enzymatic route to
15-hydroperoxyeicosatetraenoic acid (15-HPETE). A second oxidation at 05 yields
5,15-d1-HPETE, which can undergo enzymatic dehydration to produce a 5,6 epoxide.
Enzymatic hydrelyzis cof the epeowide at C6 would lead to lipoxin A (ILXA), while
addition of water at 014 would produce LXB. However, 1n a recent publicatiun5
the in vitro zynthesisz of LXA and LXB was desceribed whereby z.o. leukotricne A4
wazs used as starting material. Therefore, the exact In vivo metabolism of

lipoxing still remaing to be solved.

3 FUNCTION

Eicosanoids are involved in numercus physiolegical or pathophysiclogical
processes. These processec includé neurotransmission, heormonal interactions and
effectivity, reproductive physiclogy. labour and c¢hildbirth, gastreintestinal
physiclogy. pulmonary physiology, renal physiclogy and diuresis, cardlovascular
physiology and bloed <lotting and alse inflammation aznd immunemodulation.
Congidering the gscope of this thesis only the effects of eicosanoids on

inflammation and the immune system will be discussed.



- 28 -

rostaglandins
The experimental evidence which supports the wview that prostaglanding
influence +the development and meodulation of immune processes and inflammatory

26.100,105,157.250

reactiong is veluminous Among These prostaglandins,

progtaglandin E,. predominantly synthesized by macrophages1°°, haz gained a
certaln prominence as it has been shown to affect more than other cyclooxygenase
products both inflammatory and immune responsesze. Prostaglandin E2 appears to
exhiblt two seemingly confusing effects. namely pro- and anti-inflammatory
actions. Some of thils confusion 1s avolded when one considers effects of
prostaglanding on vascular or Tacute” components of inflammation seperately from
their effects on tissue components. The classical symptoms of inflammation
namely redness (vasodilatation), swelling {(increased capillary permeability) and
pain {sensibilisation of neurones to bradykinin or histamine) which are all due
1o the action of prostaglandin Ea. are characterized by a rapld and early
oceurence during inflammation and they can impressively be inhibited by the
non-stereidal anti-inflammatory drugs. Howgver, as has bYeen sghown 1in  the
carrageenan induced granuloma modelaT. in a later stage of Iinflammation
prostaglandin E2 exhibite anti-inflammatory propertics. The anti-inflammatory
and immunowecdulatory effects of prostaglandin E2 are most likely due to its
capaclty to stimulate the adenylate cyclase activity of 2 wvariety of cells
including fibroblasts, lymphocytes, macrophages, eosinophils and neutrophilszg.
An increase in cyclic AMP predominantly represents an inhibitory signal Tor
various functions. although some excepticns have been noted. Thus it 1s known
that prostaglandin E2 reduces 2a.o. fibroblast proliferation and collagen
synthesls, lymphocyte proliferation, killing by eytolytic T cells, natural
killer cell activity and lyauphckine production by macrophageszso. On the other
hand, ©prostaglandin E2 induces collagenase production by macrophageszST. Algo
it appears that maturation of thymoeytes is enhanced by cyelic AMP  generating
hormones such as prostaglandin E21°5. Meore information is definitively required
To elucidate the role of prostaglandin BQ 2s an Iimmuno/ianflammateory regelator

molecule with cither suppressive or stimulating properties.



Leukeoirienes

The rationale for seeking pharmacotherapeutic agents to limit leukotriene
biosynthesis andfer end organ effects is based upon: 1« the demonstrated in
vitre capaclties of certain e¢ells and tissues to generate leukotrienes in
response  to selected agonists, 2- the potent preo-inflammatory acticns of these
compoundg in pharmacological studies {table 1) , 3- the recovery and measurement
of 1leukotrienes in blological fluids assoclated with certain digease states
{table 2) and 4- the knowledge that non-stercidal anti-inflammatory drugs have
zubstancial efficacy, but modify only one of the two major routes of arachidonic
acid metabolism.

Among the cells relevant to an inflammatory regponse the production of
leukotrienss seems to exhibit a remarkable cellular specificity. Whereas
polymorphenuclear leukocytes generate leukotriene B4 in a 10-feold EXCesSs

262

relative te leukotriene C4. this ratie i reversed with eeosinophils Human

peripherzal blood monceytes release both lewkstriene B, and leukotriene 04266 and

4
human alveolar macrophages are reported to respond to stimulation with the
Ca-ionephore A23187 with a preferential leukotriene B4 generationgT. However

some cautlon has to be taken with respect to¢ the interpretation of these data,
Thus 1t is shown that stimulation of human alveolar macrophages with arachldonic
acld resulted in the preoduction ¢f leukotrilens D464, whereas human peritoneal
macrophages responded to AZ3187 with a release of both leukotriene B4 and
leukotriene c474, Therefore depending on the site in the inflammatory focus.
the cell type involved and the stimulus applied, the leukotriene production can
predominantly be leukotriene B4 or leukotrienes C4/D4 with distinet biclegical
activities.

A number of Dbilological activities have been deseribed for the
S-lipoxygenasge products. Leukeotriene 34 kaz been shown to be one of the most
powerful agents that stimulate chemckinesis of leukocytes and to act as a
chemotactic c¢ompound with a potency comparable to other important chemetactic
agents such as the complement-derived peptide £5a and the synthetic peptide

formylmethionylleucylphenylalanine, In addition, leukotrizae B seems  to

4
augment leukecyte activity as could be cbgerved with respect tTo aggregation,
superoxide production, lysosomal enzyme releaszse, glucose metabolism and
expression of C3b receptor sites. In vive studies showed that leukotriene B,

medizted inflammatory reactions by recruiting leukocytes, by mediating vascular
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Table 1. Bioclogical effects, induced by S-lipoxXygenase products.

in vitre effects

target metabolite

PMN/eo/M/ /Mo LB,
PMN/ec -
PMN -
PMN LTC4
M/ -

- 5-HETE
T lymphocyte LTBA
FK cell

lung parenchymal tissue LTC4/D4

in vive effects

effect

chemokinesis
chemotaxis

C3b receptor site expression

reference

36,94,237
195
184

complement dependent cybtotoxle reaction 178

adherence 95
¢a?* ang Wa' influx 177
intracellular cAMP level 48
superoxide production 23%
lysesomal enzyme release 204
adherence 104
chemiluminescence 121
release of cyclooxygenase metabolites 89
Ta antigen production 249
T suppressor cell Induction 208
natural cytoloxic cell activity 209
contraction 9
'I.‘:sc.?x2 release 273
leukocyte accumulation 34
increased vascular permeabllity 35
hyperalgesia 203
vasodilatation 19
increased vasceular permeability 96
stimulation of mucus production 141

bronchoconstriction

260



Table 2. Involvement of S-lipoxygenase products in pathological conditions

Disease metabollite reference
asthma Lo, 62
psoriasis LTE4/C4 72,113
gout LIB4 205
rheumatoid arthritis LTB4 205
ulcerative colitis LTB4 235
pleuricy LTC4/D4 249

permeability changes and by modulating paln responses. Furthermeore, suppression
of human 7T lymphocyte function, possibly through induction of human suppressor
T lymphocytes, and activation of natural cytotoxie cells are aspects of the
immunomodulatery role of leukotriene B4.

Already before the leukotrieres structures were elucidated, slow reacting
sukstance of anaphylaxis {SRS-A)} was known to be a constrictor of human airway
smooth mu3c1837. More recently, these effects of SRE-A have been confirmed an2
extended with synthetlc leuketriens 04 znd leukotriene D4 voth in vive and in
vitre. Other interesting features in the action of the peptido-leukotriencs on
the 1lung are their ablility to stimulate mucus production and to induce vascular
permeability changes. Contraction, mucus production and edema are major aspects
of asthma and indeed it has been shown that antigen challenge of human asthmatic
lung leads t¢ the release of peptido-leukotrienessz. These findings and the
fact that macrophages from asthmatic individuals synthesize more leukotriene D4
than macrophages from normal subjects64 lead to the hypothesis that
peptido-leukotrienes are major mediators involved in human allergic asthma. In
addition thege leuwkotrienes have other properties that could be important iIn
terms of medilation of inflammatory reactions. They are potent vasodilators,

enhance neutrophil adherence and nmeduwlate the releage of mediators from

macrophages which is the subject of this thesis.



- 32 -

Lipexing

Since the structure of lipoxin A and lipoxin B has only been elucidated
very recently, the relevance of lipoxins on inflammatery or immune processes
ztill 1z open to guestion. Of potential interest zre the biological actions of
these lipoxins, which involve: regulation of natural killer cell activity,
stimulation of superoxide and lysosomal enzyme release from polymorphonuclear
leukoeytes and contraction of the guinea pilg lung parenchymal strip221.
However, whereas Samuelsson reported that both lipoxin A and lipoxin B inhibited
natural killer cell activityzzi, a receant paper showed that Lipoxin A in low
congentrations actually enhanced whereas higher concentrations inhibited this

160

activity It ig evident that the availability of synthetic lipoxina, as was

5

recently reported”, will go far towards the elucidation of the relevance of

lipoxins in pathophysiological processes.

This short review of effects of cicogancids should emphasize one impertant
aspect. Metabolism of arachidonic acid gields a variety of mediators which
differ tremendously in their respective activity. A complicated, but balanced
network of interactions appears to evolve that may markedly influence
inflammation or immunoregulation at an unepecific level. It probably will turn
out that this immuncologlcally unspecific system is intricately invelved in the
regilation of the more zophisticated and immunoleogically specific networks of

the immune response.
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CHAPTER 5, ADENYLATE CYCLASE

1 INTRODUCTICON

Many Thormenally respeonsive systems are regulated through changes in

intracellular cylie nucleotide levels, and It is well decumented that

macrophages respond to hormones. such agm prostaglandinsso’79 and drugs such as

p-adrenergilc agents115'263 by an increased preduction of 35 7-¢cyelic
adenosylmonophoaphate (eyclic AMP). Increased levels of this nucleotide are
known to medify cell metzbelism and teo influence such parameters ag reactive
154. 69, prostaglandin production163.

cytotoxicityzza 240.

lysogomal enzyme release1
268

oxygen production

216. and Iz antigen exprescicon

aggregation Phagocytosis
To better wnderstand how such macrophage functions are regulated., 1t I3
important to describe the underlying mechanisms of cAMP production and the

proposed mechanism of agtion.

2 METABOLISM

Currently, activation of adenylate cyclase by hormones 1s considered to
invelve a ternary complex. This complex congsists of: 1- a discriminater, a
hormene specific receptor, 2- a transducer, transmitting the signal from the

receptor to the effector system and 3- an amplifier, which is formed of the

207

effector aystem (adenylate cyclaze) Studies whereby adenylate cyclase

deficient membranes were reconstituted with extracts from cell membranes of

normal cells demenstrated that the transducer consists of a regulatery proteiln,

214

which 1z guanosyltriphosphate (GTP) dependent the Gs or guanine nucleotide
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regulatory protein. Furthermore i1t was sheown that the rate limiting step in the

process  that leads to erhanced cyclie AMP formation iz a change at the level of

the G_ protein47. Gs protein contains two types of subunilis, ® and g, whereby

the o subunlts have Deen assessed to bind CTP188. Since it appeared that C

protein activation 15 dependent on M32+139

120

and 1s followed by a reduction in its

, it has been postulated that G, activation by CTP and Mgt

size is associated
with a subunit dissocilation event followed by combination of +the GIP-loaded
o subunit with the catalytic unit of adenylate cyclase235 {figure 1).

Although many hormones act by lncreasing cellular levels of cyclic AMP, it
is also well known that applicatien o¢f certaln hormenes lowers thig level.
Ameng these are aa-adrenergic agenists, muscarinic agonists and opiates140. Az
was the case with stimulation, also with hormonal inhibition the presence of a
guanine nucleotide regulatory pretein, Gi, could be demcnstrated126. Although
the subunits of Gi are different from those of Gs‘ the general build-up of the
protein is comparable to Gs with one difference: the inactive form of Gi
containg CDP bound to the c-subunit which is exchanged for GTP upon activa.tionSI

(figure 1).

3 FONCTION

Although the exact mode of action by which e¢yclic AMP modulates cellular
activity g not known yet, two mechanisms are known by which cyclic AMP affects

cellular metabelism: pretein phosphorylation53 and Interference with a second
intracellular messenger, calcium17.

phosphorylase kinasc267, 1t soon hecame evident that the cyclic AMP  dependent

Originally discovered asg an activator of

proteine kinase A must have a much wider role in mediating the effects of cyeclic
AMP az 1t was known that c¢yclic AMP affects other processes than glycogenolysis
(table 1}. The sgpecificity of the response is determined by the presence of
different substrate enzymes in different cells. With respect to arachidonate

metabolism, one of the substrates for proteine kinase A is tyrosine kinase. Ag

<]
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was described in chapter 2. part 2 inzctivation of tyresine kinase by protelin
kinase A will lead to a decreased metabolism of arachidonic acid. These effects
are counteracted by intracellular calcium which activates tyrosine kinase.

Next to the Interaction between cyclic AMP aznd c¢alecium described abeve,
cyclic AMP dis known to modulate the intracellular calcium concentration by twe
distinet mechaniems. TFirstly, 1t has been shown that cyeclic AMP stimulated
Na+/Ca2+ exchange, thus lowering +the intracellular calcium concentrationséTA
Secondly, cyelic AMP causes the pheospherylation of <the proteln phospholamban,
regsulting 1in an  increased uptake of calcium by the sarcoplasmic reticulum and
therewith a reduced availability of calcium154. Whereas these mechanlsms both
result in a decreased concentration of calcium, onz major interaction between
cyclic AMP and calcium results in an iIncreased effectivity of the latter.

Phosphorylase kinage A not only is a target for cycliic AMP dependent proteine

kinzse A but is also dependent on calcium122- Phosphorylation of this enzyme

Table 1. Protein kinase affected enzymes (modified after Cchen,1982).
activated inhibited

calmodulin glycogen synthase

phosphorylase kinase glycerol phesphate acyl transferase

triglyceride lipase acetyl Co-A carboxylase

cholesterol egterase S-phosphofructo Z-kinase

Tructese 1-§ biphosphatase pyruvate kinase

rhenylalanine hydroxylase tyrosine kinase

tyrosine hydroxylase myosin light chain kinase

phosphelamban
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by protein kinase A4 allowed activation by c¢calcium to occur at lower

concentration552. Phosphorylase kinase has a subunit structure, whereby one of

259

the subunits was found to be identical to calmedulin It has recently beconme

clear that many of the bilological actions of calcium are regulated by calmodulin
in a manner that ¢leosely resembles the actions of cyelic AMP as z regulater of

150_

enzyme activities Whereas cyclic AMP stimulates the activation of

calmodulin, calmodulin stimulates both adenylate cyclase and phosphodiesterase,

103_ In

the enzymes invelved iIn the metabolism and breakdown of cyclic AMP
conclusion, it becomes increasingly apparent that cellular processes are
controlled by an Intricate netweork of intracellular signals of which the cyclice

nucleotides and calcium are key compenents.
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CHAPTER 4. RELEASE OF EICOSANQIDS FROM MACROPHAGES

1 INTRODUCTION

0f all the leukocytes macrephages regularly impress as the most efficient

101

elcozanoid producers They are Hnown to release both cyclooxygenase- and

208,239

lipoxygenase-derived preducts Several investigaters have shown 2

concomitant activation of +the c¢yclooxygenase and lipoxygenase pathways.

following exposure of macrophages in vitro to different stimull as ionephore

A23187?4, zymosan217 and immune ccmplexeszs1. Howewver, it has been shown that

soluble, membrane mediated Inflammatory stimuli such as phorbol myristate

acetate and lipopelysaccharide stimulated the cyclooxygenase pathway without

137

affecting lipoxygenase activity On the other hand a recent paper describes

the converse. It was shown that vy-hexachlorocyclohexane stimulated the

Tormation of lipoxygenase products, having only a minor effect on prostaglandin

170

production The results of these +twe groups could be explained by the

existence of two different, independent sources of substrate arackldonic acid,

132

2g has TDbeen suggested previously The implication of this concept would he

that prostaglandin and leukotriene production are independently mediated.
However, one ghould bear in mind that comparing eicosancid release from

cells using different stimuli can be gquite confusing. Properties of macrophages

vary according to their “state of activation™. As  discussed 1in chapter 1,

183

part 3 the typical, activated macrophage does not exist Nevertheless sone

general alteratlons appear to be valid for 211 situations. ¥hereaz in vitro
stimulation of macrophages leads <to enhanced eicosanoid release, activated
macrophages, elicited in vive with different inflammateory stimuli, have a
reduced capacity to convert arachidonic acid +to cyclooxygenase~ and

136,230

lipoxygenase-derived products Another well-known aspect of activated

macrophages 1s thelr ability t¢ release sudstantial amounts of lysoszomal

65

hydrolases Thiz secretion generally is congidered to be an aspecific but
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Figure 7. Basal secretory levels of
resident peritoneal macrophages {(RES),
carrageenan (2 mg i.p.) elicited macro-
phages (CAR) and Freund's incomplete ad-
juvant {2 ml i.p.) elicited cells (FIA}.
Prostaglandin E, (PGE2. open bars),
thromboxane B, (Tsz. hatched bars) and
s-glucurcnidase (GUR, dotted bars) were
measured. An inverse relation Dbetween
the production of the cyclooxygenase me-
tabolites PGE, and Tsz and the release
of the lysosomal enzyme S-glucurcnidase
could be chserved. 2.5x10 cells were
incubated during 1.5 kh at 3700 in a hu-
midified atmogphere containing 5% 002 in
alr. Means : SEM (n=5).

Figure 2. Basal secretory release of
lewkotriene C, (LTC4, cpen  Ybars) and
B-glucuronidase {[GDR, dotted bars) Ifrom
resident (RES) and carrageenan (CAR} or
Freund's incomplete adjuvant (FIA) eli-
cited peritoneal macrophages. Note the
pogitive relaticn between LTC4 and GUR
release. 10x106 cells/10 ml were incuba-
ted for 15 minutes at 37°C in  the pre-
gence of gluthatione (2 mM), arachidonic
acid {10 ug) and gerine (0.25 mM).
Means + SEM (n=4).
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lmportant indicasor of cell activityzzs.

With the experiments described in the following sections of this chapter an
attempt wag made to correlate gicosanold release with macrophage activity, for

which lysosomal enzyme relecase was taken as a criterion.

2 IRDEPENDENT REGULATICN OF CYCLOOXYGENASE
ANT LIPOXYGENASE ACTIVITY

Three different populations of rat peritoneal macrophages were obtained by
peritoneal lavage: resident cells without prior intraperitoneal stimulation and
elicited cells on the fourth day after an intraperitoneal imjection of
carrageenan or Freund’s incomplete adjuvant (vide Appendix, Materials and
Metheods for a detailed description of the experimental conditions). As ¢an be
sgen in figure 1 an inverse relation ccould be observed between the release of
the lyscsomal enzyme p-glucuronidase and the production of the cyclooxygenase
products prostaglandin E2 and thromboxane Az. measured a5 thromboxane Bz.
Whilst enzyme activity {l.e. ¢ell activity) was more pronounced in eliecited
macrophages. the reverse was cbserved with prostaglandin E2 and thromboxane Ag-
Leukotriene release on the other hand was found te be positively correlated with
enzyme release {figure 2). No detectable levels of leukotriene ¢, were measured
in the supernatant of resident cells, whereas carrageenan and Freund s
incomplete adjuvant elicited macrophages released 3.85 and 4.55 pmoles
levkotriene 04 respectively. Leukotriene B4. D4 or E4 could not be detected.

It hag been suggested that a decreaged availabllity of substrate
arachidonic acid 1s the factor respensible for the reduced capacity of elicited
macrephages to secrete eicosanoid3231. due, for example, to a decrease 1In the
activity of phospholipase A278. However, the results obtained in the present
experiments are in contradiction with these findings. VWhereas the release of
cyclooxygenase-derived products indeed was decreased, leukotriene C4 release was

egrhanced. A pessidle explanation for this difference could be the postulated
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Figure 3. Effects of arachidonic acid (AA) on the production of prostaglandin E,

(PCE,. ®)

and thromboxane BZ

(TxBZ, @)

from carrageenan clicited macrophages
adjuvant elicited macrophages (pamel AZ2).
Tx32 preduction was saturated at much lower concentrations of AA than was PGE2

(panel A1) or Freund’s ILncomplete



exiztence of at least +two phospholipase A2 pocls in macropha@eszés. Since

5-lipoxygenase, the dinitial enzyme in the lipoxygenase pathway, 1s a scluble
enzyue and thus presumably resides in the c¢ytosol, whereas cyclooxygenase 13
membrane  bound, 4t is very likely that these enzymes use arachidonic acld from

different phospholipid SourCESZIO.

These findings add further support to the
hypothesis that prostaglandin and leuwketriene synthesis are independently

regulated.

3 PREFERENTIIAL PROSTACLANDIN E,SYNTHESIS IN RESPONSE
TO ARACEIDONIC ACID STIMULATION

Az could be seer in figure 1, elicited macrophages have a reduced capacity
te produce cyclooxygenase productis. In addition to this decreased activity.
also a ghift within cyclooxygenase activiiy could also be observed. Whereas
resident macrophages produced az much prostaglandin E2 as ‘thromboxane Ae,
elicited macrophages produced less. In general the lower <the production of
prostaglandin E,, the more active the c¢ell, as measured by lysosomal enzyme
release, and the greater, relative to prestaglandin 32' the formation of
thromboxane A2. However, cxposing the macrophages to the precurser arachidonic
acid completely reversed this situation. As can be seen in figure 3, panel A, a
dose dependent lncrease of prostaglandin E2 production could be observed In the

presence of archidonie acid, whereas thromboxane A, production was saturated at

production. Panel B: ratio between PGE2 and Tsz az was found with carrageenan
{©) or with Freund's incomplete adjuvant ( Q) elicited cells. Panel C:
preduction of PGE, (open eymbols) and TxEB, {closed symbols) by Freund's
incomplete adjuvant elicited cells; macrophages were incubated with a cell
number of 2.5x { @), 5x (O) or 10x10% { &) cells/ml. Note that the production
of both metabolites was independent on the number of cells. Experimental
conditions as described in the legend to figure 1. Means x SEM, =n=5, =« P<0.01
(Student ‘s t-test, two-tailled).
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lew concentrations of the fatty acld. Furthermore, calgulating the ratie
vetween the two cyclooxygenase products after expeosure to archldonate indicated
that prostaglandin E2 was the major metabolite (figure 3, panel B). Some slight
differences were obgerved between the two populations of elicited macrophages
which were used in this study. PFirstly, in carrageenan ellcited macrophages
{figure 3, panel A1) prostaglandin E2 productlion could not be saturated, in
Freund ‘s incomplete adjuvant elicited cells 1t could (figure 3, panel AZ).
Secondly, whereas thromboxane A2 production in carrageenan elicited macrophages
was maximal with 1 pg arachidonic acid and c¢ould not be increased ITurther, in
Freund s inccmplete adjuvant elicited cells thromboxane A2 release actually
decreased. Thirdly, the shift from thromboxane AZ to prostaglandin E2 was more
pronounced Iin TFreund’s dncomplete adjuvant elicited macrophages. These data
were cxXtended Ty recent observatiens in our laboratery, showing that resident
macrophages responded to arachidonic acid 1In a comparable wayaz. Both
prostaglandin E2 and thromboxane 32 were increased wheredy thromboxane A2
release wag saturated with % uxg arachldonate. However, the amouwnts of
prostaglandin E2 released never exceeded those of thromboxane 32.

In conclusicn. these results indicate <that during in wvive activation
cyclooxygenase activity is changed., vwhereby prostaglandin E2 formation is
preferentially inhibited. The more active the cell, the lower the preduction of
prostaglandin E2. both abelute and relative to other cyclooxygenase metabolites.
Restoring the decreased availabllity of substrate by exposing the cells in vitro
to arachidonic acid ylelds the converse pattern. Both elicited and rewmident
macrophages react with a preferential increase of prostaglandin E2 formation.
Interestingly this inerease was found to be more proncunced in active
macrophages, indicating that prostaglandin E2 iz the majlor cyelooxygenase
metabolite upon activation of these cells. As will be discussed later in this
thesis prostaglandin E2 plays a dominant role in the regulation of macrophage
functions.

An interesting aspect of archidonate induced prostaglandin release was
chserved with cell suspensiens gontaining different cell numbers. In centrast
to what was expected, the production of cyclooxygenase mnmetabolites was
completely independent of the number of macrophages present in the suspension.

In figure 3., panel C a graphical presentation iz offered of the results cbtained
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with Freund’'s incomplete adjuvant eliclted macrophages. Although abseolute
values differed {(Freund’s incomplete adjuvant elicited <¢ells consistently
produced osignificantly 1less cyclooxygenase mmetabolites) simillar changes were
observed with carrageenan elicited macrophages (data not shown). Evidently the
amount of the metabolites produced was dependent on twoe factors: 1- the
cancentration of the precurser fatty acid and 2- the concentration of the
metabolite produced. At a given concentration of 5 pg arachidonic acid/ml, 2.5,
5 and 10.106 cells/ml all released prostaglandin E2 up to 2 final coneentration
of £ 3 pmoles/ml and throemboxane to a concentration of £ 2.5 pmoles/ml. These
values were found to be dependent on c¢ell activity, since the less active
carrageenan elicited macrophages released substantially mere (= 11 pmoles/ml and
+ 9 pmoles/ml respectively).

It iz known that eclicited macrophages display. in terms of adenylate
¢cyclase stimulation and subseguent rise of cyclic AMP, a high responsivenecss to
progtaglandin E2. Resident cells with an optimally functioning cyclooxygenase
system were rather unresponsiveso. It was alsc reporied that the reduced
capacity of the cyclooxygenase pathway in ellcited macrophages was accompanied
by low intracellular cyclic AMP levels78. Furthermore it has been shown that
prostaglandia E2 inhibited the release of other cyclooxygenase metabollites fronm
elicited macrophageseo. In view of these facts and because prestaglandin Ez is
the major cyelocxygenase metabelite of elicited macrophages, 1t 1is pessible
that, via activation of adenylate cyclase, prostaglandin E2 was respensible for
the effects described in the previous paragraph.

Tne results discussed in the previous paragraph were obtalned with rat
peritoneal macrophages. It should be noted that although prostaglandin E, is
the major cyclooxygenase metabellte iIn rat macrophages, due to species
differences thiz finding cannet be extrapelated to human cells. In fact.
previcus investigaticnz 1in our laboratory revealed <that human peritoneal
macrophages are more sensitive to prostacyelin than te prostaglandin E230_
These macrophages had been collected from the dialyszis fluild of renal patients
on continuous ambulatory dialysis at a time when ne complications were present.
However, during an intercurrent infectious peritoneal inflammation the cells
displayed a marked increase Iin reactivity towards prostaglandin stimulation with
was more pronounced with prostaglandin EZT. The original difference30 between

the responsiveness of the cells to the prostaglandinsg was abolished. Whereas
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Figure 4. Release of leukotriene ¢, (ITC,, panel A) or leukotriene B, (LIB,,
panel B) from resident {4}, carrageenan elicited (@} or Freund’'s incomplete
adjuvant elicited (®) macrophages after exposure of the cells to the
Ca-ionophore A2%187. Although the basal leukotriene proeduction was enhanced 1in
elicited macrophages, resident cells responded Tar better to stimulation with
AZ3187. In all <ell populations leukotriene B4 production could only be
measured in the presence of the lonophore. Experimental procedure as described
in the legend to figure 2. Means x SEM (n=4), & P<0.01 (Student’'s t-test, two
tailed)}.
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thege results indicate that alse in human cells during inflammation
prostaglandin E2 is a major cyclooxygenase metabolite, the reason for the
dicerepancy between the responsiveness of inflammatory versus non-inflammatory

cells to the different prostaglanding remaing puzzling.

4 LEUXCIRIENE 04 IS THE MAJOR LIPOXYGENASE METABCOLITE AFTER IN VIVO

STMUOLATION, LEUKOTRIENE B, AFTER IN VITRO STIMULATION

4

Figure 4 deplcts the release of leukotriene C, (panel A} and leukotriene B,
(panel B} after stimulation of <the. three cell populations studied with the
Ca-ionophore A23187. In general, all populations responded to the ilonophore
with an enhanced release of both leukotriene 04 and leuketriene BA' More
specifically several points are of Interast. Resident macrophages do not

produce leukotriene C4 unless stimulated with 10'6

M A23187. Elicited
macrophages did release leukotriene C4 under basal conditlons whereby a positive
correlation with cell activity was established. However, compared with resident
macrophages these cells responded peoerly to stimulation. Increases., due to
AZ23187, were only significant at 10_6 M icnophore, and in this respect these
cells resembled resident macrophages, but at  this concentration of iIgnophore
resident cells released abeout Ffowr times as much leuvkotriene 04. Although
leuketriene B4 was not produced under basal conditions, this leukotriene iz
evidently +the major metabolite after stimulatien. Leuketriene B4 levels in the
presence of 10'6 M A23187 exceeded those of leukoctriene 04 4.4+10.6 fold. Again
clicited macrophages showed a reduced capacity te secerete leuketriene B, as
compared t¢ resident cells.

The conclusions which can be drawn from these experiments are twofeold: 1-
leukotriene 34 ig the major lipoxygenase metabolite released from macrophages
and 2- a5 with cyclooxygenase activity. the lipoxygenase pathway appears te be
depressed 1in elicited cells. Although these conclusions seem evident, caution

must be taken for the following reasons. Megt other workers, who measured
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nacrophage leukotriene production, used mouse or human c¢ells. These works
reported a concomittant release of leukotriene 34 and leukotriene c4 in response

74,193

te the Ca-igonophore When different stimuli were used, e.g.

v-hexachlorocyclohexane or IgE, a preferential synthesis of leukotriene 04 and

leuketriene B4 respectively was observed170’266.

Again, +the exlstence of
different arachidonic acid pools might offer a wvallid explanation for these
variations. AS yet, the zimultaneous release of leukotriene 04 and
leukeotriene B4 from resident rat peritoneal macrophages has net %been reported.
Earlier studles showed that resident rat macrophages released leuvkotriene B4,
whereas elicited cells released leukotriene CA. both in regponse to ionophore

10.70

stimulation More recently the release of leukeotriene 04 from resident

peritcneal macreophages was reportedzoé.

However, in this study the cells were
harvested after an intraperitoneal lavage with saline. As was shown in our
laboratory saline iIinstantly activates macrophages, possibly via medification of
the Na"'/K+ ATPasqu. A second study from our laberatory reported that saline
elicited macrophages responded to A23187 stimulation with the release of both
peptidoleukotrienss and leukotriene 34267. Neither in human, mouee nor in rat
macrophages basal release of leukotrienes has been gtudied. The present study
establishes, for the first time, basal Jeukotriene C4 releage. Furthermore
these levels were positively correlated with cell activity, indicating that
levkotriene C4 is the major lipoxygenase metabelite produced after in vive
gtimulation. In the light of other results, discussed in different parts of
this thesis, the enhanced basal release of leukotriene c4 from elilclted
macrophages is of particular interest. As will LHe discussed in  chapter 5 this
peptidoleukotriene is considered to be an important mediater in cellular
activation.

The generzal reduction in lipoxygenase activity observed i1in elilcited
macrophages, 1s possibly due to an effect of A23187 on cyelie AMP. It has been
shewn that elicited rat periteneal macrophages respond to A23187 with an
increase of <the iIntracellular cylic AMP level, vwhich was prostaglandin
62

media‘ted1 Taken together with the high responsiveness of elicited

macrophages to prostaglandin Ezso, this interaction may represent a mechanism by
which macrophage activity. in terms of of lipoxygenase metabolite production is

regulated.
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5 SUMMARY AND CONCLUSIONS

The respective capacities eof rat peritoneal macrophages to metabelise
arachidonic acid into prostaglandins and leukotrienes were compared. For this
purpose three different c¢ell populations were wused, resident cells and
carrageenan or Freund's incomplete zdjuvant clicited macrophages. An inverse
relation between lysosomal enzyme release, a non-specific dndicater of cell
activity, and cyclooxygenase derived preducts could be observed. Whereazs
Freund s incomplete adjuvant elicited cells released more BS-glucuronidase than
carrageenan elicited and resident cells, the reverse was observed with respect
to progtaglandin E2 and thromboxane A2 production. Furthermore, 1t was shown
that upon in vivo activation prostaglandin Ez was preferentially inhibited. On
the ether hand. resident c¢ells did not release leukotriene 04 but elicited
macrophages did. Thus leukotriene C4 release was positively correlated to cell
activity, being Indicative of an important role of leukotrlene 04 in cell
activation. In conclusion: in vive activation of macrophages 1s accompanied by
increased lyszosomal enzyme and leukotriene 04 release and decreased production
of  cyclooxygenase metabolites, whereby prostaglandin Ez iz preferentially
inkibited.

Resteoration of the decreased precursor availabillity by exposing elicited
macrophages o various concentrations of arachidonie acid resulted in an
increased release of cyclooxygenase metabolites. Varying the number of cells in
the suspension had no effect on the maximal release. Apparently prostaglandins
were produced up to a fixed concentration, which was found to be dependent on
cell  activity. The less active carrageenan elicited macrophages preoduced three
times as much cyclooxygenase metabelites comparced with the more active Freund’s
incemplete adjuvant elicited cells. Furthermore, exposure of the cells to
arachidenate resulted in a preferential synthesis of prostaglandin 22, which was
mere preonounced in the mere active cells. In conclugicn: in vitre stimulaticn
¢f macrophages with arachidenic acid leads to a preferential production of
prostaglandin E2 te a fixed maximzl concerntration which is dependent om cell
activity.

Finally, it was shown that elicited macrophages, despite high hasal
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gecretery levels of leukotriene CA' have a reduced lipoxygenase activity.
Compared +to resident macrophages these cells poorly responded 0 the
Ca-icnophore Az3187. The amount of leukotriene €, produced by resident
macrophages upon maximal stimulation was at least 5.5 times as much as that
produced by elicited cells. Furthermore. in response to A23187 leukotriene B4
was the lipoxygenase metabolite which was predominantly produced, both in
resident and elicited cells. Ne leukotrigne D, or leukotriene E, could be
detected. In gonclusion: in vitre stimulaticn of macrophages with A2%137 lsads
to production of leukotriene B, and leukotriene C,. leukotrieme B, being the
major metabolite; despite high basal leuvkotrienes 04 production elicited
macrophages have z reduced lipoxygenase activity.
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CHAPTER 5. EFFECTS OF EICOSANCIDS ON MACROPHAGE FUNCTIONS.

1 INTRODUCTION

Macrophages are not only a source of eicogancids, but alsoe a target for
their actions. It is well known that twe e¢yclooxygenase preoducts,

prostaglandin E2 and prostacyelin, are powerful elevators of c¢yelic AMP in  rat

peritoneal macrophages. Of these two metabolites mentiomed, prostaglandin E2
was shown To be the major metabolite, at least 1in rat macrophagesBo {vide
chapter 6.1). Elevaticn of c¢yelic AMP is associated with an Inhibition of

several functions of macrophages. Thus, inhibltery actions of prostaglandin E2

have beén observed on chcmiluminescence1g? 191.

156,240

. phagocytosis and c¢ell motility

interigukin-1 production42, cytotoxicity176'246,

226 159

prostaglandin EZ induces collagenase production by macrophages257. Although a

Ia-antigen expression

plasminogen activator release and complement production In contrast,
gubstantial number of reperts has been published on the effects of lipoxygenase
products on a variety of tissues and cellsg (vide chapter 2, table 1), there iz a

scarcity of data on the actions of these metabolites on macrophages. It has

been reported that leukotriene C4 induces a respiratory burst121 and that
S-hydroxyeicosatetraencie acid enhances Ia-antigen expression24°. Both facters
are marXers of enhanced c¢ell activity. It was further demonstrated that

levkotriene C4 and leukotriene D4 augmented the release of cyclooxygenase

metabolites from macrophagesaa'sg.

These latter observations are of particular
interest since the possibility was raised that macrophage activivy 1z regulated
via interaction between lipoxygenase and cyclooxygenase derived products.

With the experiments described in  this chapter the interaction between
levkotriene C4 and prostaglandin 22 in modulating macrophage activity was

investigated, using lysosomal enzyme release as a marker of cell activity.
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Tabie 1. Effects of leukotriene C4 on resident macrophages.

LTC, (M) 0 1070 1w® w7 g0t
PCE, (pmoles/ 4.19% n.d.  #73% 3.38% 25.38%
106 cells) 0.42 1.10 1.08 2.28
TxB, (pmoles/ 4.35% 3.95% 4.83% 6.5% 9.u8%
10° celis) 0.38 0.21 0.21 0.38  0.51
GUR (mU/ 0.86 = 1.00% 1.327% T1.63% .92
10° cells) 0.03  0.05  0.05  0.07  0.09

Table 1. Effects of leuketriene C4 (LTC4) on the releagse of prostaglandin E2
(PGE,)}, thromboxane B, (TxB,} and p-glucurcnidase from resident macrophages.
2.5%107 cells were incubated during 1.5 h at 37°C in a humidified atmosphere
containing 5% 002 in alr. Macrophages in suspension were exposed to LTC4, the
concentration varying from 107% to 1076 M. Note that GUR release was augmented
by a lower concentration of LTC4 than that needed to s$tlimulate PGE2 and Tsz
production. Means x SEM (n=5), # P<0.01 vs. controls (Student’s t-test, two
talled).

PGEszsz GUR
yJ #* # m
@ PGE2 .IT Tsz GUR *Z
T 37 A - A
w ry -6
= 2 L2 &
P =, ) ‘e
2 _:—l_:r__ -
2 11 bl £ L1 2
5 % £
0 p, LA Lo
0 -9 -8 -7 -§ ¢ -5 -8 -7 -§ 0 -9 -8 -7 -6

log dose LTCu {M)

Figure 1. Effects of leukotriene Cy (LTC4) on the release of prostaglandin B,,
(PGEZ), thromboxane 32 (Tsz) and g-glucurconidase (GUR) from macrophages
elicited with carrageenan (2 mg 1.p., open bars) or with Freund’s incomplete
adjuvant (2 ml i.p., hatched bars). Whereas GUR release and PGE2 production
could be augmented by I.ch_, TxB2 production was decreased. Experimental
conditions as described in the legend to table 1. Means = SEM {n:=5), % P<0.01
(Student s t-test, two tailed).
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2 LETUKOQIRIENE C4 INDUCES LYSOSCOMAL ENZYME RELEASE AND
PROSTACLANDIN E2 PRODUCTION

The expesure of resident macrophages to leukotriene c4 resulted 1in  the
following  alterations {table 1). AT low (<10_7 M) concentrations of
ledkotrienes €, there were no changes In prostaglandin E;, levels but in the
presence of 10‘6 M leukotriene C, a 6.1-fold increase was observed. In common
with the effects of arachidonic acid omn the release of cyclooxygenase
metabolites a preferential increase of prostaglandin 32 production compared to
thromboxane A2 was found in respoase te leukotrieme C,. Whereas basal levels of

beth metabolites were ©breadly the same, 10_6

M leukotrienc 04 only induced a
2.2-fold increase af thromboxane A2 production. Lysosomal Enzyme
{s-glucuronidase)} release was dose dependently enhanced. It is of particular
interest that the observed s-glucuronidase release was augmented by a lower
concentration of leukotrilene C4 than that needed to stimulate prestaglandin E2
release.

Elicited macrophages showed a somewhat different regsponse to leukotriene 04
{figure 1). Az was found with resident macrophages, prostaglandin E2 and
f-glucuronidase release could be augmented by leukotriene C,- Again changes 1in
lysosomal enzyme release were observed at lower concentrations of leukotriene 04
than necessary to enhance prostaglandin E2 production. However, in contrast to
the increased prostaglandin Ez production. thromboxane Ag release markedly
decreased. Although absolute wvalues differed between the twe elicited cell
populations {carragecenan ¢ligited macrophages consigtently preduced mere
cyclooxygenase metabelites and less S-glucuronidase) similar directional changes
in response to leukotriene C4 were ohgerved,

A preferential iIncrease in prostaglandin E, preduction from elicited
macrophages wunder the influence of leukotriene €, has been shown carlier by
Feuerzstein et al.ag. In contrast to this report, the present study showed that
the increased prostaglandin E2 production was assoclated with a decreased
production of thromboxane A2. The observed directional changes between the two

cyclooxygenase products remains a question te be seolved. This event was highly



reproducible, in addition a similar effect was described with respect o the
levkotriene induced release of cycleooxygenase products from the guinea plg
tracheaéo. A differeatial effect of leukotriene c4 on thromboxane synthetase
and prostaglandin E isomerase cannot be excluded. Also, the existence of at
least two different pools of arachidonlic acid, which can be activated by

leukotriene C, as was shown in our laboratory could be responsidle for the

observed differenc2274. Re-evaluating the data from TFeuerstein’s report

dizsclosed some remarkable differences 3detween this study and the results

presented here. Firstly, the cencentration of leuketriene C4 used in
Feuergtein’'s experiments to induce thromboxane Az synthesis from macrophages in
suspension was higher than 1076 M. At 1078 1 or less, no effect or an actual

inhibition ot thromboxane A2 release was observed. Secondly, the effects of
leukotriene C4 on the production of cyclooxygenase metabolites were found to Ybe
most prominent 1n macrophages in monolayer. The macrophages were allowed to
adhere for 24 hours, without addition of the in vive eliciting agent. 1%t has
veen shown that remeval of the stimulus unblocks the cyelooxygenase and allows
prostaglandin B2 synthesis, hence deactivation oceurs and a cell with properties

of a reosident macrophage remains‘gz.

The results ¢btained by Feuerstein and
coworkersg with macrophages in monolayer are 1In agreement with +the results
cbtained with resident macrophages in the present study.

In the present experiments 1t was shown that leukotriene C4 enhances
lysosomal enzyme release, which supports the idea that lipoxygenase products of
arachidenic acid are crucially invelved in  macrophage activation.
Circumstancial evidence for a role of lipexygenase products can be found in the
effects of lipoxygenase inhibiters on macrophage activity. It has beer shown

that lipoxXygenase inhibitors reduce: Iz-antigen expression and macrophage
156 164,197

and endotoxir induced throemboplastin productionss. The fact that the

mediated  granuloms formation chemiluminescence

69

interleuvkin-1
release

4
production by macrophages was higher than the one necessary te augment lysosomal

concentration of leukotriene G necessary o increase prostaglandin E2

enzyme release, combined with the cbservations that prostaglandin Ez depresses
maerophage activity, raised +the possibility that macrophage activisy is
regulated via an interaction between lipoxygenase and cyclooxygenase derived
products. Leukotriene 04 being stimulatory and prostaglandin E2 suppressive,

the balance between these two products would determine the degree of macrophage
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activity and repregeat a mechanlsm By which arachidonic acid oxygenation
products can control inflammatory/immune reactions. The following sections of
this chapter prescnt the results of experiments which were aimed at unravelling
thig interaction. In these experiments the sffects of cyclooxygenase inhibitors
and prostaglandin EQ on the leuketriene Cy induced g-glucuronidase release were

investigated.

3 CYCLCOXYGENASE INEIBITORS MODULATE THE LEUKOTRIENE C
INDUCED LYSOSOMAL ENZYME RELEASE

4

The effects of four cyclooxygenase inhibitors, indomethacin. aspirin,
piroxicam and Org 7258 on the release response of carrageenan ellclited
macrophages were studied. In the absence of leukotriene C4 all c¢yclooxygenase
inhibitors effectively blocked the release of cyclooxygenase metabolites without
affecting lysosomal enzyme release (table 2). The relative order of potency
was: Org 7258 > indomethacin > piroxicam > aspirin. Differential effects of
the four cyclooxygenase Inhibitors could be observed in the presence of
leukotriene C4.

Indemethacin

Figure 2a shows that exposure of the cells to 1(}_B M leukotriene 04
reculted in enhanced prostaglandin 32 preduction, decreased thromboxane Az
production and increased release of g-glucuroanilidase. These effects were more

pronounced i1n the presence of 10‘6

M leukotriene 04 {figure 2b). In both cases
the leukotriene 04 induced S-glucuronidase release was dose dependently
augmented by the addition of indomethacin whereas the enhanced prostaglandin E2
preduction was blocked and the already diminisned thromboxane A2 production was
further declined.

Aspirin

Aspirin was found to be slightly less potent than indomethacin in
augmenting the leukotriene 04 induced lysosomal enzyme release and in blocking

the biosynthesis of endogenous prostaglandins (figure 3).
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Table 2. Effects of cyclooxygenase inhibitors on the release of PGE

>
T>cB2 and GUR from carrageenan elicited macrophages.

PGE, TxB, GUR
treatment pmoles/m6 Mo. [:)molts:s/‘ltlG Mo. mU/w6 Mo.
controls 1.10 = 0.10 1.58 = 0.04 1.06 % 0.09
+ 1077 M indom. 1.16 * 0.08 1.09 + 0.09 0.94 * .07
+ 1078 M incom. 0.62 % 0,10 0.79 £ 0.05 1.16 % 0.05
+ 107> M indom. 0.22 * 0.02 0.29 = 0.01 1.09 % 0.11
+ 10" M indom. 0.14 + 0.02 0.25 = 0.02 1.27 £ 0.06
controls 1.31 £ 0.06 1.52 * 0.10 1.11 £ 0.08
+ 1075 M aspir. 1.32 + 0,08 1.52 £ 0.10 1.39 £ 0.16
+ 107> M aspir-. 1.03 £ 0.03 0.64 % 0.03 1.29 + 0.13
+ 1074 M aspir. 0.71 % 0.06 0.32 £ 0.04 1.43 % 0.09
controls 1.93 £ 0.17 3.57 % 0.12 0.74 % 0.03
+ 1078 M pirox. 2.08 * 0.19 3.20 £ 0.10 0.6  0.06
+ 1077 M pirox. 2.29 = 0.04 2.8  0.22 0.71 % 0.0%
«107% M pirox. 1.05 % 0.04 1.95+0.05 0.68 * 0.05
controls 1.53 £ 0.13 3.51 £ 0.12 0.63 * 0.0%
+10 % Morg 7258 1.12 % 0.08 1.65 % 0.17 0.64 * 0.06
+1077 M Org 7258 0.41 £ 0.02 0.42 + 0.02 0.76 + 0.06
+ 107 M Org 7258 0.17 2 0.04 0.39 * 0.03 0.59 * 0.0%

Toble 2. Effects of the c¢yclooxygenase Inhibltors indemethacin, aspirin,
Piroxicam and Org 7258 on the release of prostaglandin E2 (PGEz), thromboxane Bz
{Tsz) and Ag-glucuronidase from carrageenan eliclted peritoneal macrophages.
A1l cycleooxygenase inhibltors effectively reduced the production of PGE, and
TxBZ. whereby no effects on GUR release could be observed. Experimental.
conditiong as described in the legend to table 1. Mesns + SEM (n=5).
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figure 2B and figure 3 in the presence
of 107° M LIC,. Open symbols on the axes
represent basal secretory levels (no in-
domethacin, aspirim or ITC, added) of
prostaglandin E (PGE2, @), thromboxane
B2 (Tsz. ®m) and g-glucuronidase (GUR,
& ). Note that both indomethacin and as-
pirine augmented the LIC,
lease of GUR. BExperimental conditions
as described in the legend +to table 1.

regponse.

induced re-

n=5. * P<0.01  wvs. basal secretory
levels, % P<0.01 ws. LTC4 induced
secretory levels (Student’s t-test, two
tailed}.
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PGE,/TxB, GUR
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Figure 4. Effects of pilroxicam on the
4 4 leukotriene Cq_ (10'6 M) induced release
of prostaglandin EZ (PGE2. &), thrombox-
3 3 ane B2 (Tsz, =), and s-glucuronidase
(GUR, &} from carrggeenan elicited ma-
crophages. Open symbols on the axes re-
2 present basal secretory levels (ne LTCA_
2 added). In contrast with indomethaecin or
aspirin piroxicam did not affect GUR re-
iease. Experimental conditions as des-
1 _] cribed in the legend to table 1. Means %
SEM (n=5). %P<0.01 vs. basal secretory
levels, #*P<0.01 wvs. LIC induced se-
0= o v » =0 4
0 -8 -7 -5 e¢retory levels (Student’s t-test, two
log dose Piroxicam (M) tailed).
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Figure &. Effects of Org 7258 on the
leukotriene 04 (10_6 M} induced release
L 3 of prostaglandin B, (FCE;, @), thrombox-
ane B, (Tsz, @) and B-glucurcnidase
(GUR, A) from carrageenan elicited ma-

i

2 4 ét - crophages. Open symbols on the axes re-
O % present levels In the absence of ITC, or
B Org 7258. Note that 1n contrast to indo-

1 4 1 methaein, aspirin and piroxicam (figures
2, 3 and 4) Org 7258 inhibits the LTCA_

‘t induced GUR release. % P<0.01 wvs. basal

04 —~ 0 secretory levels, #P<0.01 vs. LTC, in-

0 -8 -7 s duced release (Student’s t-test, two
log dose Org 7258 (M) tailed). Means + SEM {(n=5).
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Pirexicanm

Concerning prostaglandin E, and threomboxane A, production similar results
ag thoge found with Indomethacin and aspirin were gbserved with pilroexicam. With
respect o s-glucuronidase relezse, in contrast to indemethacln eor aspirin,

piroxicam did not augment the leukotriene C induced release ({figure 4).

4
Whether the observed difference 1z due to a different mechanism of action could
not be established. Increasing the dose beyond 1075 M caused damage to the
membranes of the macrophages, az could be observed by an enhanced release of the
cytoplasmic enzyme lactate dehydrogenase.

Crg 7258

A marked difference between the actions of indomethacin or aspirin on  the
one side and Org 7258 on the other hand could be observed with respect to
lysogomal enzyme release. Whereas indomethacin and aspirin augmented the
leukotriene C4 induced release, 1t was I1nhibited by Org 7258. Not omrly the
leukotriene 54 induced A-glucurcnidase release could be reversed by Org 7258 but
it alse restered the increased prostaglandin E2 production {figure 5).

The fact that indomethacin and aspirin enhanced the leukotriene 64 induced
lysoscmal enzyme release provides further proof for the hypothesis that
endogenous prostaglandins may function as inhibitory feed-back regulators of
macrophage activation. With respect to the effects of cyclooxygenase inhibitors
on macrophage activity several reports have been published. TIwo earlier reports
showed that indomethacin did not affect or decrease the zymosan induced release

of lysosomal enzymesze’ﬂsg.

In these sztudles however, concentrations of
indomethacin were used of 10‘3~10‘4 M. Next to inhibiting cyclooxygenase these
concentrations are now known to have two other effects: inhibition of
lipoxygenase and inhibitien of phosphodiesterase. The stimulus used in these
studles (zymosan) is known to induce leukctriene release from macrophages and i1t
has ©been suggested that the zymeosan induced Ilysosomal enzyme release was
leukotriene mEdiatcdzs. Therefore inhidition of lipoxygenase activity by high
doses of indomethacin will lead %o reduced lysosomal enzyme release. Also
inhibition of phosphodiesterase has the same effect (vide chapter 6.4). In an
elegant study performed by Schnyder and coworkers, the effect of indomethacin on
plasminogen activator release was studiedzaé. It was feound that indomethacin

enhanced the degree of activation obtalned after zymosan phagecylosis. Addition
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Figure 6. HNMedulation of the release of thromeboxane B2 (Tsz) and
A-glucuronidase (GUR) and of intracellular cyclic AMP (cAMP)} content of
carrageenan elicited macreophages by leukotriene Cq_ and prostaglandin ]:."1 (PGE,l).
Open bars represent wvalues found in the presence of prostaglandin B, alone.
hatched bars In the presence of 107% M leuwrotriene ¢, and 1O-§—10_6 M
prostaglandin E1 - Whereas, 1in the absence of leukotriene 04, PE.‘}E1 had no
effects, in the presence of leukotrienec 04 the level of intracellular cAMP was
enhanced and <the leuketriene C4 induced GUR release could be reversed. Both
1=’GE1 and I;T!::4 caused a diminished Tx32 production. Experimental conditions as
deseribed im  the legend to table 1. # P4<0.0% vs. values observed in the
presence of leukotriene G, (Student s t-test, two tailed}. Means x SEM (n=5).
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of exogenous prestaglandin E2 on the other hand, had the opposite effect, it
suppressed the enhanced plasminogen activator release i1nduced elther by
indemethacin, zymosan or a cembination of both. Futher evidence in favour of 2
regulatory role of endogenous prostaglandinsg was obtained from the folleowing
results. Cyclooxygenase inhibitors have been shown to enhance macrophége

activity resulting in augmentation of: Ja-antigen expression156, bactericidal

activity and interleukin-1 secretion42 and tumericidal activity43.

The results obtained in the present experiments underline a distinctive
nature of Org 7258 relative to other non-stercidal anti-inflammatory drugs.
Org 7258 blocked the leukotriene 04 induced lysosemal enzyme release. Since
this property was not shared by the other cyclooxygenase inhibitors studied, it
iz conecluded that the blockade of lysosomal enzyme release 1c independent of the
inhibition of cyclooxygenase. It has previcusly been reported that Org 7258
suppressed the zymosan induced secretion of the lysosomal enzyme S-glucuronidasc
from mouse peritoneal macrophages. This activity was paralleled by
dinitrophenol, a well-known uncoupler of oxidative phosphorylation, indicating
that +this mechanism may be implicated in the effect of Org 7258 on lysosomal
enzyme release. Although'a number of studies have indicated that Org 7258 is a
potent anti-inflammatory agent in several animal models, including the
granuloma-thymus model, the carrageenan induced pav oedema model and the
caleium-pyrophosphate induced pleurlsy, the exact mechanism of action of the

drug is not clear yet (Den Hellander, persconal communication).

4 PROSTAGLANDIN E, AND PROSTAGLANDIN Ez STPPRESS THE LETXGIRIENE 04
INDUCED LYSOSCMAL ENZYME RELEASE

In a acperate set of experiments the effects of prostaglandin E1 and
prostaglandin Eg on macrophage activity were tested. FProstaglandin E.| was shown
to have the following effects {figure 6}. It should e noted that due to the

addition of preostaglandin E1, the measurement of prostaglandin E2 was unreliable
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Figure 7. Effects of leukotriene 04_ (LTC4_), indomethacin and prostagiandin E2
(PGEE) on  BA-glucuronidase (GUR) release from carrageenan elicited macrophages.
Open bars represent the values which were found in the absence {first panel) or
prezence of 15758 M (second panel) or ‘10'5 M I.TC4_ {third panel). Pretreatment of
the cells with indomethacin (dotted bars) (10_5 M} resulted in an augmented GUR
relgase. Additien of 10'7 M PGEa (hatched bars) prior te LTC4_ prevented the
LIC, induced GUR releagse (second and third panel) or, in the absence of LTC4_
(first panel) diminished the release. This effect was blocked when the cells
were pretreated with Iindomethacin (cleosed bars) before LTC4 or PGE, were added.
Experimental conditions as described in the legend to table 1. % P<0.01 vs.
basal levels (no drugs added) (Student’s tetest, +two talled). Means + SEM
(n=5}.
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because of cross-~reactivity with the antibody wused in  the radioimmuncassay.
Therefore no data on prostaglandin E2 production are éupplied with respect to
this experiment. In the absence of levkotriene C4 ne effects of
prostaglandin E1 colzld be observed, exeept on  thromboxane Az production.
Already at the lowest concentration of prostaglandin EI tested, thromboxane A2
production was inhibited, whereby no further decrease could be established by
increasing the concentration of prostaglandin Eq. In the pypresence of 10'6 M
leukotriene 04. variations in all three parameters were observed. The
leukotiriene 04 induced g-glucurconidase release was dogse dependently reversed
whereby the normal Ybagal secretory level was restored. Thromboxane Ay
production, already inhibited by lewkotriene C4, was further depressed. Whereas
prostaglandin E.l by itself had no effect om intracellular cyclic AMP levels, in
the presence of leukotriene C, this level was enhanced by addition of 1077 M
prostaglandin E,.

Prostaglandin E, was tested in a single dose, vhich was Jmown to elevate
intracellular cyclic AMP in this system. The results of these experiments are
shown in fiigure 7. In contrast with prostaglandin E,, prostaglandin E, (10'7 M)
reduced basal release of S-glucuronidase. an effect which was prevented when
indomethacin (10_5 M) was added prior teo prostaglandin E,. 2 dose dependent
increase of  g-glucuronidase release was observed followiﬁg addition of
leukotriene C,. Agaln this inerease could be markedly enhanced by pretreating
the cells with indomethzein. Prostaglandin E2 completely blocked the enhanced

release c¢aused by leukotriene € however in the presence off 10'6 M

57
leukotriene C4 and indeomethacin this blockade was only partial.

The regults of the present work demonstrate that prostaglandin E,
suppressed both thromboxane A2 synthesis and leukotriene c4 induced lysosomal
enzyme release. It was also shown that the Jlatter effect was shared by

prostaglandin E2. Depressed thromhoxane A2 preoduction, induced Ty

prostaglandin E2 has been described previouslyTS’go.

In <these gstudies the
effects of prostaglandin E2 have been attributed to activation of adenylate
cyclase activity. Since prostaglandin E; was shown to dinduce cyclic AMP
generation, the present experiments seem $o confirm thils idea. However, as will
be discussed 1in chapter 5, enhanced ¢ylic AMP levels, induced either by

Bg—adrenoceptcr stimulaticon or by deactivation of phosphediesterase have
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different effects on tharemboxane A, production. Stimulation of p,-adrencceptors
was followed by a reversal of the inhibition of thrombowxane A2 production due to
leukotriene C, whilst inactivation of phospheodiesterase resulted in only a
wodest inhibition of thromboxane Az production. In contrast, & decreased
lysosomal enzyme release wasg induced by both treatments and was related to an
increase in eyclic AMP  levels. Whether the effects of prostaglandins E on
thromboxane A2 metabolism are due to a direct effect on thromboxane synthetase,
to interference at a specific site rendering the cell unrespomsive in terms of
thromboxane A, synthesis or to activation of adenylate gyclase is not clear yet.
Elucidation of the interactions between prostaglandin E,. thromboxane A2 and
cyclic AMP will provide insight into the normal regulation of +the release and
effects of <these metabolites and the mechanisms by which they wunodulate
macrophage activity.

It has been postulated that endogenous prostaglandins do not play a major
role in regulating lysosomal enzyme release from macrophages1§9. However, the
fact that exogenous prostaglandin E2 reduced the basal release, abolished the
leukotriene G, induced release 4dnd  counteracted  the augmentation by
indomethacin of the leukotriene 04 induced release, strongly iadicate that
proztaglandins are inveolved in the regulation of lysosomal enzyme release.
Furthermcre they support the hypothesis that lipoxygenase— and
cyclooxygenase~derived products interact in modulating macrophage activity. The
fact that prostaglandin E2 could not completely reverse +the leukotriene C4
induced g-glucuronidase release in the presence of indomethacin can be explalned
by the inability of leuketriene €y to induce prostaglandin E, producticn in this
situation. In the absence of indomethacin leukotriene C, causes macrophages to
produce presgtaglandin E, which will act synergistic with the exogenously added
prostaglandin E2, resulting in a full reduction of leukotriens C4 induced

A-glucurenidase release.
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5 PROSTAGLANDIK Ez FAILS T0O AFFECT LEUVKQTRIENE SYNTHESIS

Recently, inhibition by prostaglandin EZ of leukotriene B4 release from

activated neutrophils was reported116

In order %o establish whether a similar
relation exists 1n macrophages, the effect of prostaglandin E2 on Ca-icnophore
induced Jleukotriene production was studied. Az e¢an be seen i1n table 3,
prostaglandin E2 in a concentration of 10_7 M did not affect leukotriene B4 nor
leukotriene 04 synthesis from Freund’s incomplete adjuvant or carrageenan
elicited cells with one exception. The A23187 (10_5 M) induced release of
leukotriene C, from Freund's incomplete adjuvant elicited macrophages ceould be
reduced by prostaglandin E,. Whether this difference really d1s wvalid (the

standard deviation of this peint is extraordinarly small) is not clear yet. In

Table 3. Effects of prostaglandin E,, on leukotriene production.

2
A23187 (M) ¢ 1078 1077 1076
LTC, CAR.Mo. 3.85+0.20 4.08+0.37 4.62%0.86 5.51 % 0.52
1077 M PGE, 3.51%0.31 4.32%0.41 4.89%0.52 5.39%0.37
FIA . Mo. 5.55+ 0.33 4.53 + 0.63 5.28 + 0.43  6.55 * 0.38
+1077 M PGE, 4.3520.27 G.78%0.29 5.33%0.41  5.63 0.09
LTB, CAR.Mo. —— 18.57 = 1.47 25.80 + 1.93 58.04 = .17
s107 M PGE, — 19.53 + 2.01 22.84 £2.17 51.62 % 6.38
FIA .Mo. — -— 13.04 = 1,08 34.66 * 2,75
+1077m ?(:E2 -_— — 16.08 * 2.16 32.50 = 3.14

Table 3. Effects of prostaglandin E, on the (A23187-stimulated) release of
leukotriene C, and B, from carrageenan {CAR) or Freund’s incomplete adjuvant
(FIA) elicited macrophages. No effects of prostaglandin Ez on legukotriens
release could be observed. 10x1o6 cells in 10 ml were incubated for 15 minutes
at 37aC in a bumidified atmosphers contalning 5% C02 in air, in the presence of
10 ug arachidenic acid and 2 mM glutathione. Means z SEM (n=4). Leukotriene
production is expressed as pmclés/TO6 cells.



- B& —

order to clarify thiz matter further experiments will have $o be carried out,
including a dose response curve of prostaglandin E2 in the absence or presence
of cyclooxygenase lnhibiters. Furthermore these experiments will have to be
extended +to resident macrophages. Possibly, the reduced lipoxygenase activity
in elicited macrophages i1s to be held respensidle for the lack of effeet of
progtaglandin E2. However, we could observe no effect of prostaglandin Ez on

leukotriene production in a preliminary study using resident macrophages.

& SUMMARY AND CONCLUSIONS

The effects of leukotriene 04 and prostaglandin E2 on macrophage activity
were studied, for which lysosomal enzyme release was taken as a criterion. It
was shown that leukotriene C4 induces a release respense censisting of enhanced
prostaglandin B, and pg-glucurconidase release in ellcited and resident cells.
Threonboxane Az production was increased in resident c¢ells but inhibited in
elicited macrophages. Furthermore it was shown that the concentraticn of
leukotriene 04 necessary to increase prestaglandin E2 production was higher than
the ome necessary to augment lysosomal enzyme release. This observation,
combined with obgervations that prostaglandin E2 dePresses' diverse aspects of
macrophage activity, ralsed the possibility that macrophage zctivity is
regulated via Interactions between lipoxygenase- and c<¢yclooxygenase-derived
preoducts. In conclusion: in vitro activation of macrophages with a low dose of
leukotriene 04 leads To enhanced lyscsomal enzyme release, higher doses result
in a preferential production of prostaglandin Ez as compared to thromboxane A,
whereby thromboxane Az production wag inhibited in elicited macrophages.

Inhibiting the synthesis of endogenous prostaglanding by preilncubating the
mzerophages in the presence of cyclooxygenase inhibitors resulted in modulation
of the leukotriene 04 induced g-glucuronidase releagse. The relative order eof
poteney, in terms of d1nhibiting coyclooxygenase activity was: Crg 7258 »

indomethacin > piroxliecam » aspirin. Indemethacin and aspirin were shown to
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augment leukotriene 04 induced lysosomal enzyme releage, piroxleam was
ineffective and Org 7258 inhibited pA-gluguronidase release. The observation
that Indomethacin and aspirin enhanced leukotriene 04 induced lysosomal enzyme
releasze provides further proof for the hypothesisz that endogenous prostaglanding
may functien az inhibitory feedback regulators of macrophage activity. Since
piroxicam was found to be toxic beyond a concentration of 10”6 M, it could not
be established whether the ineffectivity of piroxicam was due to a different
mode of action or to too low 2 concentration. In contrast with aspirin and
indomethacin, the experimental drug Org 7258 inhibited lysosomal enzyme reslease
induced by leukotriene 04. The possibility was raised that <thiz effect of
Org 7258 was due to unceoupling of oxidative phosphorylation. In conclugion:
the cyclooxygenase inhibitors aspirin and indemethacir augment lecukotriene 04
induced lysosomal enzyme release, probably by blocking endogenous prostaglandin
production; the experimental drug Org 7258 has the opposite effect.

Exogenously added prostaglandin B, or Ee could reverse the Ileukotriene c4
induced pg-glucuronidase release. Furthermore it was shown that prostaglandin EE
reduced baszal g-glucurcnidase release and counteracted the augmentation by
indometkhacin of the leukotriene c4 induced lysosomal enzyme release. These
facts are strong indicaters that prostaglanding are invelved 1In regulating
macrophage activity. Leukotriene €, being stimulatory and prostaglandin E2
suppressive, the balance between thegse two products would determine the degree
of macrophage activity andé represent a mechanism by which eilicosancids can
control inflammateory/immune reactions. In conclusion: exogenous
prostaglandin E2 reverses lysosomal enzyme release induced by lsukotriene 04

and/or indomethacin.

In view of the proposed interaction between leukotriene C, and

prostaglandin E2 in modulating macrophage activity., the effect of
prostaglandin E2 on the release of leuketrienes from macrophages was
investigated. Prostaglandin E, did not affect leukotriene 3, or Igukotrienme C,
production by elicited macrophages. In conclusion: prostaglandin EZ’ in the

dosage studied, has no effect on leukotriene synthesis by elicited macrophages.
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CHAPTER 6. INVOLVEMENT CF CYCLIC AMP IN TEE RECULATION

QF MACROPHACE ACTIVITY.

1 INIRODUCTION

Extensive studies of leukocytes have documented +the inhibitory role of
¢yclic AMP as an intracellular "seceond messeager”™, relaying 2 stimulus from the
extracellular environment to blochemical machinery within the ¢ell. The “first
messenger” may be 2 chemical change in the ¢ell’s environment but Is represented
in more complex situations By newretransmitters or hormones which activate

28,100

adenylate c¢yclase With respect to macrophages, of these hormones

preostaglanding are of particular interest. Elevation of intracellular cyclic
AMP levels in response to prostaglardin E2. asgoclated with an inhibition of
several macrophage functions, has been obgerved in a number of studies {vide

chapter 3.1). Prostacyclin 2lse stimulates the producticn of cyclic AMP in

elicited peritoneal macrcphage324. Howzver, in  contrast to prostaglandin E2.
prostacyclin failed to reduce the macrophage mediated component of a carrageenan

indueeed granulomawgs.

At the time of the above studles, the reasons for the
obzerved differences between prostaglandin B, and prostacyclin were poorly
understood. More recent experiments performed in our laboratory revealed that
in terms of adenylate cyclase activation rat peritoneal macrophages responded
better to prostaglandin E2 than to a stable synthetic analogue of
50

prostacyclin It wag alse shown that low concentrations of preostaglandin 32

inhibited the prostacyclin induced elevation of cyclic AMPS, an effect which was
mediated viza displacement of prostacyclin from its receptor by

proztaglandin 32189.

Thege findings suggested that the observed low
responsiveness of rat granuloma or peritoneal macrophages to prostacyclin wasz
due to permanent exposure of these cells 10 endogenous prostaglandin EE' They
a2lse guggested thav prostaglandin E, has a dominant role in the coentrol of

cyclic AMP irn rat macrophages.
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Figure 1. Beta-adrenoceptor agonists reverse the leukotriene Cq_ induced release
of prostaglandin Ez (PGB2, @). thromboxane Bz (Tsz, @) and S-glucuronidase
{GUR, 4} from carrageenan elicited macreophages. 2.5::106 cells/ml were incubated
for 1.5k at 37 C in a humidified atmosphere containing 5% CO, in air, in the
presence of 107" M leukotriene C, (closed symbols). Open symbols represent the
values as were found when the cells were not expoesed to any drug. Additlon of
the ﬁe—selective adrenoceptor agonist salbutamol (panel 15') or the non~selective
A-adrenoceptor agonlat igoprenalin  (panel Wb) within the range of 10'5-10"4 M
effectively reversed the leukotriene C induced release response. %% P<0.02,

4
#P<0.01 {Student’s t-test, twe tailed). Means + SEM [(n=35).
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The experiments described in this chapter were performed with carrageenan
¢licited macrophages. With respect <to adenylate cyeclase activity, marked
differences exist between resident and elicited macrophages. Elicilited
macrophages have a depressed prostaglandin Ez synthesising capacity and lowered
intracellular ¢yclic AMP levels but an enhanced responsiveness of adenylate

30,80
E2 . In

cyclase 1o exogenously added or endogenously produced prostaglandin
light of the fact that leuwkotriene Ty induces prostaglandin Ez producticon, which
was shown to counteract the effects of leukotriene C4 on macrophage activity,
combined with the knowledge that prostaglandin E2 exerts 1ts effects via
stimulatior of adenylate cyclase, the experiments deseribed in this chapter were
performed to investigate the involvement of cyelie AMP in  the leukotriene 04
induced release response.

2 ﬁz—ADRENGCE?TOR STIMULATION REVERSES THE LEUKCTRIENE C
INDUCED RELEASE RESPONSE

4

Activation of adenylate cyclase may be achieved through stimulation of a
varlety of adenylate cyclase-coupled recepters. Since g-adrencgeptor agonists
are known to exert thelr effects through stimulation of adenylate cyclase, the
present gstudy was initiated to investigate the effects of the s-adrenocepior
agonists salbutamol and i1sgoprenalin on  the leukotrienes 04 induced release
response. In the study the g-adrenccepter antagonists sotalel, H3525 and
practolel were also included.

Heither salbutamol, isoprenalin, practolel, H3525 or gotalol had any effect
on  the basal secretory parameters measured {data not shown). Addition of
(1076

leukotriegne C M} to the macrophages resulted in inereased g-glucurconidase

4
release, enhanced prostaglandin 32 production and inhibition of thromboxane AE

production. Both the selective ﬁa-adrenoceptor agonist salbutamel (figure 1E)

and the non-selective s-adrencceptor agonist isoprenalin {(figure 1A), within the

6 4

congentration range of 107 =107 M, doge-dependently reversed the leukotriene C

4
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Tabie 1. Effects of isoprenaline and practolol on the leukotriene C:ﬂ induced

release response from carrageenan elicited macrophages.

PGE, B, cUR
prwoles/107 Mo. pmoles/i0” Mo, miU/10" Mo.
1. controls 1.54 * 007 i 1.72 £ 6.13 .32+ 0.13
2. 4LTC, (1070w 3.54 0,29 0.84 + 0.07 2.92 + 0.30
3. as 2 + isoprenaline (107 M)  1.89 = 0.06 1.39 = 0.09 1.81 % 0.16
4. as 3 + practolol (107° M) 2.11 £ 0,11 1.31 £ 0.09 1.73 £ 0.12
5. as 3 + practolol (1077 M) 2.03 £ 0.06 1.53 £ 0.10 1.69 £ 0.15
6. 353+pract0!o![10_4i'v‘l} 2.08 6,09 T.46 + 012 1.80 £ 0.1¢6

Table 7. Effects of the 51-selectivc adrenoceptor agonist practolel on  the
interaction between leukotriene C4 (LTC4) and the mon-selective S-adrenoceptor
agonist ilscoprenalin. The LTC4 induced relegase response c¢ould be reversed by
isopenalin (10"5 M). Addition of practolel within a concentration range of
107%.10™* M was without any effect on the interaction between LTC, and
igeprenalin. Experimental conditlens as deseribed in the legend to figure 1.
Means = SEM {n=5)}.

Figures 2/3. Effects of the non-selective fg-adrenoceptor antagonist sotalol
(figure 2) and the sp-selective antagonist H3525 (figure 3} on the interactiocns
between g-adrenoceptor agonists and leuwkotriene £ (LTC4). Responses are
expressed as percentages change wvs. controls (no drugs added. =0%). Tke
release regsponse, induced by LTC¢ (10'6 M, hatched Dbars) of prostaglandin EZ,
thromboxane B2 and B-glucuronidase was reversed by the s-adrenoceptor agonists
{dotted bars) salbutamol (10_5 M, panel 2%/3%) or isoprenalin ('IO_5 M, 2b/3b)-
Addition of sotalol or H3525 (open bars) within the concentration range of
70'6-€0'4 M dose dependently restored the LTC4 induced release response-
Experimental conditlons as described 1in the legend teo figure 1. #P<0.01
{Studert ‘5 t-test. two tailed). Means z SEM (n=5).
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induced release response. Minimal differences were observed between the effects
of salbutamol and isoprenalin. ¥hereas salbutamol was more effective in
blocking the effects of leukotriene c4 on prostaglandin E2 and pg-glucurcnidase
release, i1soprenalin was mere effective on thromboxane A2 preduction. The
actionz of salbutamol and isoprenalin could be blocked by different agents known
to have S-adrenoceptor blocking properties, such as  sotalol {figure 2}, a
non-selective antagonist, and the ewperimental drug H3525 {figure 3) which was
reported to be ﬁzwselectiv244. Practolol, a selective g, -adrencceptor
antagonist failed to reverse or to reduce the inhibition of the leukotriene C¢
induced release response caused by isoprenalin (table 1).

Though these results support the view that Ba-adrenoceptors are pregent on
macrophage membranes and that activation of these receptors can dovn-regulate
macrophage activity, the filnal evidence that these receptors are present has not
been furnished yet. For this purpose binding studies with radiozetive ligands
will have t¢ be carried out. However modulation of macrophage activity, as was
shown d4n the pregent study, may represent a mechanism by which g-adrencceptor
agonists can contrel iInflammation. Contradictory reports on the role of
A-adrencceptors iIr macrophages have beern publighed. Schultz and coworker5229
tested a number of agents known to increase intracellular ecyeclic AMP  levels.
The g-adrenoceptor agonist, isoprenalin, was without any effect on activated
macrophage functions at all concentrations tested. This cbservaticn was similar

158

to that of Kurlamd and assoclates who showed that the proliferation of

macrophage progenitor cells was not inhibited by A-adrenoceptor agonists and
suggested +that +these c¢ells lacked ag-~adrencceptors. More recently however, it
was found that L-isoprenalin inhibited the phagocytosis of Trypanosomg cruzi by

268

mouse perltoneal macrophages and activated adenylate cyclase 1in membrane

254

preparations or intact macrophages It was alse found that L-isoprenalin

decreased the lymphokine induced aggregation of macrophages; D-isoprenalin had

no effect216.

Possibly a difference between D- and L~isoprenalin could explaln
the obgserved wvariation. Schultz and Kurland do not indicate whether they used
D- or L-isoprenalin, whereas a racemic mixture was used in the presesnt
experiments.

Another factor which 1s of importance in determining the reaction of

macrophages 4o B-adrenergic stimulation is thelr "state of activity™ or their
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pathophysiological state. Whereas the present study indiecates that
g-adrencceptor agonists do not 1nhibit macrophage Dbasal secretions, dut do
abolish the effects of a stimulatory agent, the coanverse wag shown In a paper by

Vogel and coworker3255.

They showed that a defective, Fe receptor mediated,
phagoeytosis of opsonlzed sheep erythrocytes could be corrected by agents knewn
to elevate intracellular cyclic AMP. Among these was isopremalin. On the other
hand, Fo¢ receptor mediated phagogytosis has been reported to induce cyclic AMP
synthesis. Although isoprenalin enhanced cyelic AMP levels in the absencerof
phagocytosls, the already increased levels induced by phagocytosis could net be

further increased by the s-adrenergic agonist187.

Ia short, the rcsponses
controlled by the interaction of catechclamines with g-adrenergilc receptors are
modified through & varlety of physiclogical faetors and pharmacological

perturbations and are meost difficult teo s'ca.ndardizezsq'.

3 LEUKCIRIENE 04 AND SALBUTAMOL SYNERGIZE IN ELEVATING
CYCLIC AMP LEVELS

Carrageenan elicited macrophages were preincubated for 15 minutes before
addition of vehicle, leukotriene Cy (10"6 M), salbutamol (1077 M) or salbutamol
znd leukotriene C4. After 1. 5, 10 and 15 minutes the cells were spun down, the
supernatants were assayed for the presence of prostaglandin E2 and the content
of intracellular cyclic AMP of the macrophages in the pellet was determined
{vide Appendix: Materials and Methods for a detailed desceriptien of the
experimental procedurcs). Changes in c¢yelic AMP levels are presented in
figure 4A, of prostaglandin E2 production in figure 4B. Leukotriene C4 waAS
found to induce & rapid transient increase of cyclic AMP after 1 minute. The
game effect, though more proncunced, was obeserved with salbutamol. However when
the macrophages were exposed to a combination of leukotriene C, and galbutamel,
cyclic AMP levels remained enhanced for as long as 10 minutes.

15 minutes %er addition, leukotrigne 04 caugsed a second rise. If

compared to control levels at each moment, significant changes in
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Figure 4. Kinetlic changes of intracellu-
lar cyclic AMP  levels (figure 4%) and
prostaglandin E2 production (figure 4b)
of carrageenan elicited macrophages af-
ter exposure of the cells to L‘IC4 {open
bars, @) (10_6 M), =salbutamcl (dotted
barg, ®) (10-5 M) or to the combination
of these drugs (hatched bars, &), The
cells were preincubated for 15 minutes
prior to addition of the drugs. cAMP

and 5’(}E2 legvels were azgsessed 0, 1, 5,
10 and 15 minutes after addition of LTC,
or salbutamol. cAMP values are

expressed as percentages vs. controls
(o) (=0%), PGB, as ;.a:nc':les/w6 cells.
Means = SEM (n=6).
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Figure 5. Kinetic changes of intracellular cyelic AMP levels of carrageenan
elicited macrophages. Changes were measured 1, 10 and 15 minutes (left, middle
and right bar of a block of three respectively) after exposure of the cells teo
vehicle ({contrels), LTC, (10'6 M), salbutamol (10'5 M) or to a comblnation of
these twe drugs. Furthermore the values were measured in the absence (open
bars) and presence of 1075 o indomethacin (hatched bars). The cAMP generation,
induced by LIC, after 1 and 15 minutes. could be blocked by indomethacin. In
contrast, salbutameol-mediated cAMP generation was preolenged after pretreatment
with indomethacin, an effect which was even more preomounced when salbutamol and
LTC4 were both added to the cells. Experimental conditions as deseribed in the
legend to Tigure 4, #P<0.01 vg. controls, % P<0.01 vs. indomethacin treated
controls, ¥ PF<0,01, indomethacin Treated vs. non-treated within each group
{&tudent s t-test. two tailed). Means x SEM (n=4).
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progtaglandin Ez production were only observed in  the  presence of
levkotriene C4, 10 and 1% wminutes after zddition. In order to Investigate

whether endogenous prostaglandins were involved in  the leukotriene C induced

1
cyclic AMP generation, the experiment was repeated in the presence ¢.q. absence

of indomethacin in a concentration (10‘5 M) which wag shown to effectively
inhibit prostaglandin E2 production. As cam be secen in figure 5 abseclute values
differed somewhat betwesn the two experiments, direstional changes were the
same. Indomethacin reduced contrel levelg, dndicating that endogenous
prostaglandin production indeed is invelved in determining intracellular cyclic
AMP content. Again leukotriene C4 induced a transient increase after 1 minute
and a second increase azfter 15 minutes. Both svents did not take place in the
presence of indomethacin, actually leuvkotriene C4 slightly reduced cyclic AMP
levels (not significant) as compared to cozntrel macrophages. The effect of
indemethacin pretreatment on salbutamoel and salbutamol/leukotriene C, generated
cyclic AMP production essentially was the same. In both situations a prolonged

increase could be observed.

% change vs. controis

+ Figure &. Effects of isobuthylmethylxan-
100 thine {IBMX) on the LIC, induced release
of prostaglandin E, (PGEZ). thronboxa-
ne By (Tsz) and g-glucuronidase (GUR)
from carrageenan elicited macrophages.
Open bars represent values found when no
IBMX was added, closed bars the wvalues
found 1in +the presence of 107221077 M
IBMX. IBMX dose-dependently reversed the
1TG, induced PGE, and GUR release. No
effects were observed on Tx32 producti-
on. Experimental conditions as described
in the legend to figure 1. #® P<0.0%1 vs.
50 - LTC4 induced levels (Student’s t-test,
- two taliled). Means z SEM (n=5).

50 7
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A rise in intragellular ¢yclic AMP can zlso be achieved by application of a2
phesphodiesterase inhibitor. Izobutylmethylxanthine (IBMX) in the absence of

leuketriene C4, inhibited prostaglandin Ez, thromboxane A2 and g-glucurconidase

release. In the presecnce of leukotriene Cy- IEMX counteracted the enhanced
prostaglandin E2 and g-glucuronidase release. No effects were observed on
thromboxane A, Preduction {figure 6). The latter phencmenon and the observed

inhibition of thromboxane A2 production in the absence of leukotriene C4 are in
contradiction with the results presented in the previous paragraph of this
chapter.

The fact that indomethacin inhibited the leukotriene 04 induced cyclic AMP
generation c¢learly indicates that this inecrease wags due to formation of
endegenous prostaglanding. Therefore the conclusion that leukotriene C4 itself
dogs not activate adenylate cyclase seems justified. Alse the prelonged
increase in response to salbutamol after indomethacin pretreatment i1is not
difficult o explain. Firgtly, as was discussed previously, effects of
f-adrenoceptor agonists are meore pronounced with low  intracellular cyclie AMP

187

levels Secondly, as a consequence of indomethacin pretreatment

thromboxane A2 synthesis 1s inhibited. It is known that thromboxane A2

110

decreasecs the activity of adenylate cyclase Although this phenomenon has

not been shown in macrophages but in platelets, The decreased thromboxane Az
production may account Ffor the observed hypersensitivity to s-adrenoceptor
stimulation. Thirdly but not sco  likely., indeomethacin i1s knoewn to  inbhibit
phosphodiesterase activity. Te obtain such an effect a concentratlon in the
order of 10‘3 M 1z reguired, which i1s a hundred times as much as the
concentration presently used. Furthermere, if indomethacin was inhibiting
phosphodiesterase activity In the concentration used, 1t would have reduced
leukotriene C4 induced lysoscmal enzyme release as could be observed when using
IBMX. In chapter 5.3 it has been shown that the same dese of Indeomethacin used
in  the experiments deseribed above augmented the effects of lewkotriene C,.
Nevertheless, since In the previously described experiments no adenylate cyclase
activating stimulus was added, we cannot rule out the possibility that
indomethacin inhibited phosphodiesterase.

¥ore of the aforementioned explanations for the cbserved prolonged effect

of salbutamol c¢an szatisfactorily acceunt for the effects found with the
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cembination of leukotriene 04 and salbutamol. Neither eyclic AMP, nor
thromboxane Az levels were dragtically reduced after application of
leukotriene C4 per se. A reduction of phosphodiesterase activity by
indomethacin, thus augmenting the effesct of salbutamol, cannot explain the
obgerved vprolongation of enhanced cyclic AMP levels i1n  the presence of
leukotriene C4. FProgtaglandin Ez levels were not sgignificantly different
between the varilous groups treated with indomethacin. Therefore gnhancement of
endogenous prostaglandin  production, as wag feound in <the absence of
indomethacin, is not likely to contribute to the observed inerease of c¢yclic AMP
levels. Since 1indomethacin abolished <the leukotriene 04 induced cyclic AMP
generation 1n the macrophages treated with leukotriene 04 alone, it waz
concluded +that this effect was due to production of endogenous prostaglanding.
It was alse concluded that leuwkotriene C¢ 1tself does mnot activate adenylate
cyclase. However, recently it has been reported that leukotrienes induce cyelic
AMP generation, albeit in different systems.

Gorman and coworkers reported that acetylglyceryl phosphorylcholine (AGEPC)
induced mneutrophil aggregation which was coincident with a transient rise in
cyclic AMP. Pretreatment of the cells with indomethacin potentiated the eyeclice
AMP response. In contrast. a 5-lipoxygernase inhibiter blocked both cyclic AMP
accumulation and aggregation. These data suggested the invelvement of a product
of the 5S5-lipoxygenase pathway. In a second experiment i1t was found that
leukotriene B4 elevated ¢yelic AMP  levels in iIntact c¢ells and stimulated
adenylate c¢yclase activity in neutrophil membrane preparations. Testing an
adenylate cyclase inhibitor these authors found <that this drug inhibited
AGEPC-stimulated oyclic AMP  accumulation, whereby neutrophil aggregaticn was
actually enhanced. From these experiments they concluded that leukotriene B4
and AGEPC {indirectly through leukotriene formation) stimulate neutrophil cyclic
AMP levels but that the increase in eyclic AMP is not resporsible for subsequent
neutrophil aggregation. Instead, the elevation in cyclic AMP appeared toc be
part of a normal homeostatic mechanism that limits the aggregation response113.

Ancther paper, presented by Claeson and  Feimmark, repeorts that
leukotriene B4 stimulated the formation of cyclic AMP, the release of lysosomal
enzymes and the generation of supercoxide anicns by neutrophils. Preincubation
of the ¢ells with (55,125)-d1HETE or leukotriene 34 resulted in a dosze dependent

inhibition of leukotriene B, induced degranulation, without causing parallel
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changes i1in the levels of <cyelic AMP49. The authors suggested that multiple
leukotriene 34 receptors may exist, whereby the leukotriene 334 induced
degranulation and superoxide anion responzes are linked to receptors that are
net assoclated with the cyclic AMP system.

The fact that leukotriene 34 induces cyclic AMP synthesis in neutrephils
does not necessarily mean that leukotriene c4 has the same effeet in
macrophages. However scme recent findings, listed below, allow speculation on
the opessibility that peptidoleukotrienes indeed affect cyelic AMP metabolism.
Firstly, there is evidence for multiple receptors for peptidcleukotrienesg1.
Moregver, it has bheen postulated that leukotrienes act as Ca—ionophore5232.
Furthermore it is known that leukotriene c4 induces a respiratery burst in

macrcphages121.

In the light of these findings, the cbservation that stimulants
of the oxidative burst activate macrophage adenylate cyclase 1s of particular
interest. The elevation of cyclic AMP levels in response to the Ca-ionophore
A23187 could not be blocked by indemethacin, demonstrating that prostaglandin
synthesls was not involvedEe.

The results descrided in the previcus paragraphs are indicative for the
exigstence of different cyclic AMP pools, of which one can be activated by
leukotrienes via a specific receptor. However, they still do not offer an
explanation for the results presently described. For, leukotriene C4 per se did
not enhance cyclic AMP levels, merely in the presence of salbutamel increased
levels of cyclic AMP which were possibly due to leukotriene G, could be oberved.
Recently Burka and associates have shown that stimulants of adenylate c¢yclase

inhibited A23187 induced contractions of normal guinea-plg trachea41. This

effect of A23187 iz known to be leukotriene Cy mediated218. Sengitized trachea
responded differently. Low concentrations of adenylate cyclase stimulants, such
a5 isoprenzlin and forskelin all enhanced A23187 induced contractions. higher
concentrations inhibited +the response. The authors explained their results by
activation of different poels of ¢ycliec AMP  that partake i1n elther the
release/contraction progesses or in negative feedback, as has been described
earlierwzg and concluded that gsensitization has altered the maodulatory
mechanisms in the trachea.

As was shown 1n  chapter 6.2 S-adrenoceptor agonists did net iInhibit
macrophage "basal sscretion, deepite the fact that they do enhance cyclic AMP

levels. It was alge shown that s-adrencceptor stimulation abolishes the effect
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of a stimulavting agent such as leukotriene C4, an effect which was converse,
though comparable to the effects of adenylate cyclase stimulants described in
the previous paragraph. In light of the facts discussed above, the involvement
of different cyclic AMP peools in the interaction Yetween leukotriene 04 angd
salbutamel 15 proposed. Thiz propeosal gaing strength by the differences
cbserved between the sffects of salbutamol and IBMA, Both szlbutamel and IBMX
counteracted the Ileukotriene C4 induced prostaglandin Ez and A-glucurenidase
release., Marked differences were observed in their respective effects on
thromboxane AZ synthesis. Salbutamol reversed +the inhibiticn induced by
leukotriene 04, IBMX had no effect. However, IBMX inhibited Thasal
thromboxane A2 production, a property shared by prostaglandin E2 {vide
chapter 5). Two agents, both enhancing cyclic AMP  levels, yet different in
thelr effects. Whether salbutamol permits the expression of 2z specific
leukotriene c4 receptor and subseguent activation by leukotriene 04 of a
specific eyeclie AMP pool or whether leukotriene C4 permits activation of a

separate cyclic AMP pool by salbutamol is by no means clear yet.

4 SUMMARY AND CONCLUSIONS

The involvement of cycllic AMP In the regulation of macrophage activity was
studied. For that purpose the effects of S-adrenoceptor agonists and a
phosphediesterase inhibitor on the leukotriene 04 induced release response were
establighed. Alse, kinetic changes i1n intracellular cyclic AMP levels after
exposure of the macrophages to galbutamol and/or leukotriene 04 were studied.
Finally it was investigated o what extent endogenous prostaglandins vere
invelved in the medulation of intracellular cyclic AMP levels.

Both the non-selective g-adrenoceptor agonist isoprenalin and the selective
Bz—adrenoceptor agonist salbutamol reversed the leukotriene C4 induced releaze
response. Addition of the non-selective g-adrenoceptor antagonist sotalol or
the B,-selective antagenist H3525 abolished these effects. Practelol., a

selective £, -adrewoceptor antagonist was without any efTect on  the
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Isoprenalin-leukotriene C4 interaction. In conclusicn: activation of
sz-adrenoceptors on macreophages abolishes the leukotriene 04 induced release
response which consists cf enbanced prostaglandin Ez production znd
s-glucuronidase release and inhibition of thromboxane 32 synthesis.

Studies on kinetic changes of intracellular cyclic AMP levels revealed that
leukotriene 04 induced a transient increase after 1 minute, followed by a second
increment after 15 minutes. Both events disappeared after pretreatment of the
macrophages with indomethacin, indicating that they were prostaglandin medlated.
Salbutamol, 1like leukotriens C4. induced a rapid transient cyclic AMP
generation. However, this event was not inhibited by pretreatment with
indomethacin, in fact a prolonged increase could be gbgerved. The combination
of leukotriene C, and salbutamol was found to have the most prominent effects cn
cyclic AMP levels. In contrast to the transient {ncrements 1nduced by
levkotriene C4 or salbutamel seperately, these substances enhanced cyclic AMP
levels for ag long as 10 minutes 1f added together. Whereas this i1nteraction
was likely te be due to a leuketriene 04 induced prostaglandin E2 production.
gurprisingly it could =not be dinhibited by indomethacin. Differences were
cbserved in the effects on thromboxane Ay production between g-adrenocceptor
agonists on the one hand and the phosphodiesterase inhibitor TIBMX and
prostaglandin B, on the other side. Leuketrieng c4 induced inkhibition of
taromboxane Ao synthesis could he reversed by g-adrenocepter stimulaticn,
whereas IBMX and prostaglandin E1 reduced thromboxane A2 production. These
results are discusscd in the light of a proposed existence of different cyclic

AMP  pools which can be activated either by leukoetrileze £, or by salbutamol. In

4
conclugion: leukotriene C4 induces a rapid <ransient ¢yelic AMP generation
which iz prostaglandin mediated. In ¢ontrast, the iInteraction hetween
leukotriene Cq and salbutamol in modulating cyclic AMP metabolism appears to be
independent on endogenous prostaglandin producticon and probably takes place via

activation of separate cyclic AMP pools.
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SUMMARY AND CONCLUDING REMARKS

Over the last twe decades consgiderable advances have been nmade in

understanding the role of macrophages within the Dbody’'s defence systenm.

Originally these cells were characterized as simple scavengers172, cells which

adequately phagoeytosed and killed bacteria or removed gell debris. A simple
cell which lacked the sophisticated recognition and control mechanisms of the
cellular elite: lymphocytes. The term “angry”™ macrophage, previcusly uszed to
denominate activated macrophages, £its the macrophage perfectly 1f 1t could have
realized +the peosgition it was relegated to: second-class. Thanks to the
recognition of 1ts ability to secrete an enormous battery of products'??'nq"134

39,186,250

and 1te ability to present antigens to lymphocytes the macrophage now

ig placed on the pesition it deserves: first-class. Az was deseribed in
chapter 1, the macrophage does not only ingest and kill microbes, it selectively
lyzis tumour ce1154’251
101,180

and plays a key role in initiating and medulating immune
rzactions Because of the fact that the macrophage has such a central
role within the body e defence system, the mechanisms by which the activity of
this cell is modulated are of great importance.

Among the products secreted by macrophages are eicosanoids. Chapter 2
briefly outlines the ‘bicesynthesis, structure and general properties of
elcosancids. In chapter 4, more gpecifically, the production of eicoganoids by
macrophages is discussed. Macrophages are known to release both cyclooxygenase-

and lipoxygenase-derived arachideonie acld oxygenaticn productszos’zsg.

In the
experiments described in chapter 4 elcosancid release was correlated with
macrophage activity. Cemparing three different cell populatlions 1t was found
that the production of cyclooxygenase metabolltes was Inversely correlated to
the release of g-glucuronidase, a lysosomal enzyme. Lysosomal encyme release is

2 well-estadlished aspecific indicator of cell activityﬁs’ezs.

Thus. active
cells showed a reduced capacity to produce cyclooxygenase metabolites. It could
also be observed that after in vive stimulation within the ¢yclooxygenase
pathway a shift occurred. In comparisen %6 thromboxane AE‘ prestaglandin B,

producticn  was  preferentially inhipized. The release of lipoxygenase
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metabolites on the other hand was positively correlated o eell activivy.
Resident macrophages, the least active cells, did not release leukotriene 04
whereas elicited macrophages did. Furthermore it was observed that carrageenan
elicited macrophages produced less leukotriene C4 than Freund’s incomplete
adjuvant elicited macercphages. A similar pattern was Tfound with respect <o
B-glucuronidase release. The facts that prostaglandin E2 production was
preferentially inhibited and leukotriene 04 production enhanced after din wive
activation provide further proof for the hypothesils that prostaglandin and
leukotriene synthesis are independently medilated and are indications that these
metabelites may be crucially invelved in regulation of macrophage activity.
Independent modulation of cycleoxygenase and lipoxygenase activity can be
explained by the existence of two independent gsources of substrate arachidenic

a.cidzwo or the existence of +two independently mediated phospholipase A2

poolsass.

Products of the lipoxygenase pathway can have actlons on macrophages
which are opposite to thosge of the cyclooxygenase pathway. The <concept that
there are multiple, specific sources of arachidenie acid, giving rise teo
lipoxygenase or cyclooxygenase metabolites, 1s in accordance with the proposal

that these compeunds play an impertant role in regulating cell activities.

Table 1. Effects of arachidonic acid oxygenation metabolites/

metabolism on macrophage functions.

macrophage F’GE2 LTCu cyclooxyg. lipoxyg.
function inhibitors inhibitors
la—antigen expression - hd -
chemiiuminescence - + ¢ + -
[ysosomal enzyme release - + 6+

IL-1 secretion - - -
bactericidal activity @

tumoricidal activity - + +

proliferation - @ -
thromboplastin production @ -
plasminogen activator rel. - +
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The ldea that leukotriene 04 and prestaglandin E2 modulate the activity of
macrophages was sustained by the results of the experiments described in
chapter 5. ILeukotriene C, was shown to enhance macrophage activity, expressed
as lysosomal enzyme release, and to induce the production of prostaglandin Ez.
Prostaglandin E2 in turn was found t¢ inhibit macreophage activity. Further
proof for the proposed interaction between these two eicosancids ccould be found
in results obtained by other groups. It is well documented That
prostaglandin E2 reduces macrophage activity. Prostaglandin E2 inhibits a.0.:

chemiluminescenceﬂgv. release of cyclooxygenase productsgo, lyscsomal enzyme

42 and tumericidal activity176. A more complete

rglease, interleukin I secretion
list of the actions of prostaglandin E2 on diverse aspects of macrophage
activity iz provided i1in tadle 1. Less 1ig known about the effects of
leukotriene C4 on macrophages. Leuketriene 04 induces a respiratory burst121,
enhances prostaglandin E, producticn. promotes the release of lyscsomal enzymes,
induces interleukin I secretion and ‘tumoricidal activity (Bonta, personal
communication). Interestingly, prostaglandia E, and leukotriene C4 have
opposlte effects on all aspects mendtioned. Circumstancial evidence for an
interaction between cycleooxygenase and lipoxygenase derived preoducts can be
found in the opposing effects of inhibition of the respective enzymes on
macrephage actvity. Iz antigen expression and interleukin I secretlon, for

example are promoted42‘156 69.155

by cyclooxygenase but inhidited by lipoxygenase
inhibitors. These two functions are of gpecial importance since they represent
the major mechanisme by which macrophages regulate lymphocyte activity. Thus,
by influencing macrophages eicesanolds exert profound effects on the entire
immune system.

Chapter 3 describes what is currently known about adenylate ¢yeclase.how it
ie activated and how cyclic AMP effects are mediated. With ca2+ syclic AMP i=
considered as a major second messenger, relaying a stimulus from  the
extracellular envirenment to bigchemical machinery within the ce1117. Of all
prostaglanding, prostagilandin E2 wag found te be the most I1mportant one in
modulating cyclile AMP  levels of macrophages, at least in ratss. Human
macrophages are more sensltive to prostacyclinzo. Zince 1n the experiments
described in this dissertation rat macrophages were used and Because
leukotriene 04 promoted prosctagiandin E2 production from these macrephages. the

involvement of c¢yclic AMP  in the leukotrilenc C4 induced release response was
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investigated.

In order to study cyclic AMP involvement several experiments (described in
chapter 6) were carried out. Firstly, since adenylate cyclase is net only
activated by prostaglandin E2 but alse by g-adrencceptor agonlsts, the effects
of +these agents on the leukotriens C, induced release response were gtudied.
Secondly, inactivation of phosphodiesterase activity leads to accumulation of
¢yelic AMP, Therefore the effects of the phosphodiesterase inhibitor IBMX were
asgessed. Thirdly, studies on the kinetic changes of intracellular c¢yelic AMP
levels were performed in the absence c¢.q. presence of the cyclooxygenace
inhibitor indomethacin in order to investigate the contribution of endogenous
prostaglandins te intracellular cyeclic AMP preduction.

A-adrenoceptor agonists were found to reverse +the leukotiriene C4 induced
release response. Furthermere, studies whereby diverse agonists and antagoniste
were used, indicated that the effects of s-adrenoceptor agonists were mediated
via activation of ﬁz-adrenoceptors. IBMX alse effectively reversed the
leuketriene C4 induced prostaglandin E2 and A-glucuronlidase release. However,
in contrast with the g-adrencceptor agonists, but, like prostaglanding of the
E-geries, IBMX inhibited thromboxane A2 production. These findings already were
puzzling but the results obtained from the studies on kinetle cyelic AMP changes
were even more surprising. Leukotriens C4 ag well as salbutamol induced a
transient increase of cyclic AMP, whereby the leukotriene 04 induced increment
was prostaglandin mediated. However, the combination of the two drugs induced a
cyelic AMP  increase which was prolonged. Furthermore, this effect was not due
to leukotriene C4 induced prostaglandin production sinece it ¢ould not be blocked
by indomethacin pretreatment. In contrast, after indomethacin pretreatment the
effect was more pronounced. These results ¢an be explaimed by the existence of

several, separate cycllc AMP pools as has been proposed earlierﬁzg.

Whether
such a pool is activated by leukotriene 0449 or whether activation of the cell
by leukotriene 04 permits stimulation by szalbutamol of a specific pocl41 is far
from clear. Both situations have been reported earlier, albeit in different

systems.
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leuvkotrienes is reduced after activaticon. 8111l the basal release of
leukotriene C4. the activating metabelite, is higher in more active cells. The
reason for this discrepancy 1s not known yet, but this situation might merely
repregent an optimally functionlng peptido-leukotriene synthase sytem degpite 2
decreased avallability of precursor fatty acid. With respect to decreaged
arachidonic acid avallability a specific interaction between T lymphocytes and
macrophages 1s particularly interesting. T lymphecytes are not capable of
producing eicosanolds but do provide macrophages with arachideonic aecid, which

can serve ags a substrate for the synthesis of eicosanoidsTos.

This interaction
may gerve as a unique pathway 3y which the T lymphocyte can modulate the
activity of the macrophage and by which the macrophage may overcome 1ts impaired
capacity to produce arachidenic acld oexygenation products.

The styling of figure 1 was inspired by Franeis Picabia’s painting:
“Petite solitude aw milieu des soleils™. Pilcabia gave his painting a subtitle
which superbly fits the aim of figure 1: T“Tableau peint pour raconter non pour
prouver”, Indeed, the figure is descriptive, not decisive and only represents
an oversimplified model. Oversimpliified since Ca2+ is not included, the
pestulated interaction of leukotriene G, with c¢yclic AMP is deleted and the
interactions Dbetween +the different cyclooxygenase metabolites are not
incorperated. However, according to Picabia “there are no theories about the
unknown”.

In conclusion, the presently deseribed experiments indicate that:

- a high degree of macrophage activation 15 assoclated with decreased
production of prostaglandin E2 and ingreased production of
leukotriene C4.

- leukotriens 04 promotes macrophage activation,

- leukotriene 04 promeotes prostaglandin E2 production from macrophages.

- prostaglandin E2 cannot suppress leuketriene production,

- prostaglandin E2 suppresses macrophage activity,

- effects of prostaglandin E2 are wmedlated via activation of adenylate
cyclase,

- 52—adrenoceptcr stimulation reverses the effects of leukotriene C4.

- effects of By-adrencceptor agonists are ¢yclic AMP mediated, but that
- leukotriene C, and salbutamol interact im enhancing intracellular cyclic
AMP levels.
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Finally, it has to be emphasized that lysosomal enzyme release, albelt
important, is only one aspect of macrophage activity. To check the true
ilmportance of the  proposed interacticen  between leuwkotriene C, and
prostaglandin Ez other aspectis of macrophage activity will have to be studiled,
whereby special attention should be given to those aspects which are involved in
the covperation between macreophages and other cells. e-.g- lymphocytes.
Furthermore, as was already mentioned, in human macrophages prostacyclin,
instead of prostaglandin Ez, is the major suppressive metabolite, Studies which
are currently carried out in our laboratory indicate that leukotrieme D, is the
major peptido-leukotriene released by human alveslar macrophages. Obviously.
much is still to be learned.

The concept however that macrophage activity is modulated by elcosanoids
opens broad perspectives in terms of the development of new therapeutical
agents. Application of drugs, inhibiting the lipoxygenase or the cyclooxygenase
pathway could result in immuncsuppression or enhancement of the immune response
respectively. Although this appreoach is quite ceonventional, combined with
specific alterations in/fon the drugs which renders them tissue selective, such
agents would be very usefull tools. Posgsibly. a more specific way to bleock the
effects of leukotrienes and preostaglanding can be accomplished by the
development of selective receptor antagonists. Finglly, an appreach which has
attracted little attention censists of reinforcing physicloglcal processes by
the administration of synthetic analecgues. Whereas little doubt exists that =z
succesfull modulation of the immune system would be beneficial for diseases as
rheumateld arthritls, AIDS and glomerulonefritis, and although the crucial role
of macrophages within the immunc system nowadays i5 recognized., the development

of drugs interfering in macrophage activity still is in 1ts infancy.
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SAMENVATTING EN CCNCLUSIES

Twintlg Jaar geleden werd de macrofaag nog op eenzelfde manler omschreven
als aan het begin wvan deze eceuw deoor Metchnikoff: een cel die in staat is
microdrganismen te fagoeyteren en wvervolgens te deden, Een nuttige elgenschap
wgliswaar, maar, vergeleken met de lymfoeyt, het neusje van de zalm onder de
cellen van het afweer- of immuunsysteem, was de macrofaag een simpele cel.
Zoals opgesomd 1in hoofdstuk 1 is deze “simpele”™ cel echter tot veel meer in
staat dan alleen de fagocytose van microdrganismen. Zij 1s betrokken bij de
vernietiging van kankercellen en speelt een sleutelrol bilj het op gang brengen
van verschillende reacties van het Immuunsysteem. De macrofaag is hilertee in
ataat door twee eigenschappen cen wel: (a) haar vermogen diversze, biclogisch
actigve substanties uit te scheiden en (b)) het vermogen antigeen aan lymfocyten
aan te bigden. Omdat de macrofaag zo'n prominente pogitie inneemt in de diverse
verdedigingsmechanismen van het lichaam, is de activiteit van deze cel en de
manier waarop deze activiteit geregeld wordt van groot belang.

Onder de door macreofagen afgegeven producten, bevinden zich eicosanciden,
netabolieten wvan het meervoudig onverzadigde vetzuur arachidonzuur. Het doel
van de in de hoofdstukken 4, 5 en © van dit proefsehrift beschreven studies, was
net onderzosken wvan de afglfte van elcesanolden door mecrofagen en van de
effecten van eicosanoiden op macrofaag activitelt. Als parameter voor macrofaag
activitelt werd gekozen voor de afgifte van het lysosomal enzym g-glucuronidase.
Een toegenomen afgifte van lysosomale enzymen wordt algemeen geinterpreteerd als
een  teegencmen  activitelt wvan de cel. Zoals behandeld in hoofdatuk 2 kan
arachldonzuur omgezet worden in een groot aantal producten, Ileder met een
verschillende biologische werking. Bij de omzetting van arachidonzuur zijn
verachillende enzymen betrokken, waarvan het ¢yclooxygenase en het lipoxygenase
van speciazl belang zijn. Via de ¢yclooxygenase route worden prostaglandinen en
thromboxanen gevormd; via de lipoxygenase route ontstaan onder andere de
leuketrienegn. Macrofagen produceren zowel cyclooxygenase als lipoxygenase
metabolieten- De in hoofdstuk 4 beschreven experimenten hadden ot doel zen

verband te leggen tussen de activiteit van macrofagen en de afgifte van
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eicosanoiden. Wanneer egen vergelijking wordt gemaakt tussen drie verschillende
celpopulaties, blijkt dat de productiec van cycleooxygenase metaboelieten omgekeerd
evenredig is met de afgifte wvan het 1lysosomale enzym B-glucuronidase. Met
andere weorden, actieve macrofagen preoduceren minder eyclooxygenase
metabolisten. Voorts bleek dat tussen de verschillende cyclooxygenase
metabolieten een verschulving optrad. Bij actieve cellen was de productie van
zowel thromboxaan A, als prostaglandine E2 verminderd, waarblj de afgifte van de
laatste mnaar verhouding het meest geremd was. Wat de lipoxygenase metabolleten
betreft was de situatie juist cmgekeerd; de minst actieve c¢cellen produceerden
geen  leukotrieen 04, terwi]jl de actieve, opgeroepen macrofagen dit wel deden.
Deze obgervaties geven steun aan de al eerder gepostuleerde hypothese dat de
productie van leukotrienen of wvan prostaglandinen. hoewel afkomstig wvan
hetrelfde vetzuur, oaafhankelljk van elkaar geregeld is. Een verklaring wveer
dit verschijnsel kan gevonden worden in het bestaan van meerdere, van elkaar
onafhankelijke bronnen arachidonzuur of im het destaan van diverse, op
vergchillende manieren geactiveerde phospholipases Az. Zeals moge blijken ult
de wvolgende alinea hebben lipoxygenase en cyclooxygenase metabolieten

tegenovergestelde effecten op macrofagen. De hypcethese dat er meerdere,

Tabel 1. Effecten van eicosanoiden/arachidonzuur metabolisme op

diverse functies van macrofagen.

macrofaag l"-’GE2 '-ch cyclooxyg. lipoxyg.
functie remmers remmers
expressie van la-antigeen - - + -
productie van O2 radiceien - + o+ -
afgifte van lysosomale enz. - + d +

afgifte van IL-1 - 4

bactericide werking ¢ +

tumoricide werking - + +

proliferatie - @ -
afgifte v. thromboplastine & -
afgifte v. plasminogeen act. = +
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specifigke bronnen arachidonzuur bestaan iz in overegenstemming met de In deze
disgertatie geopperde idee dat eicosanciden cen belangrijke rol sgpelen ia de
regulatie van macrofazg activiteis.

De resultaten van de experimenten behandeld in hoofdstuk 5, ondersteunen de
gedachte dat door een interactie tussen leukotrieen C4 en proegtaglandine E2 de
activitelt van de macrofaag bepaald kan worden. Uit deze experimenten bleek dat
leukotrieen 04, behalve ecn toename van de cel activitelt, ook de productic van
prostaglandine E2 door macrofagen kan bewerkstelligen. Prostaglandine B,
daarentegen remde de activiteit wvan de cel. Terwijl de in dit proefschrift
beschreven gtudies de enige zijn waarbij gekeken werd naar de sffecten van zowel
prostaglandine 22 als leukotrieen 04 in een systeem, kan ondersteuncnd bewiis
voor de voorgestelde interactle gevonden worden in resultaten, gepubliceerd door
andere groepen. Deze resultaten hebben vaak betrekking op andere aspecten van
macrefaagz activitelt zoals: zuurstol radicaal productie, interleukin-1 afgifte,
expressie van Ia-antigeen en tumoricide werking {tadbel 1). Zowel ult de studies
waarbij de metabolieten zelf gebruikt werden, als uit die waarblj de productie
van de metabelieten geremd werd, kwam naar voren dat cyclooxygenase en
lipoxygenase metabolieten tegencovergestelde effecten hebben. Bijvoorbeeld:
interleukin-1 afgifte en Ia-antigeen expressie worden geremd door
prostaglandine E2' echter gestimuleerd na blokkade wvan de vorning van
prostaglandine EZ door cyclooxygenase remmers. Een omgekeerde situatie was waar

te nemen met betrekking tet leukotriecen C stimulatie van belde functilies door

4
lewketrieen ©, =zelf, remming na blokkade van de productie van leukotrieen C,-
De bovengenoemde twee functies zijn wvan bijzonder belang, omdat met deze
funciies de belangrijkste manieren gencemd =zijn waarmee de macrefaag de
activiteit wvan de lymfocyt. en daarmee wvan het hele immuunsysteem, kan
belavloeden. Concluderend mag dan ook gesteld worden dat eicosanolden, door
macrofaag activiteit te beinvliceden, diepgaande effecten op de werking van het
immuunsysteem hebben.

Een beknopte beschrijving van het enzym adenylaat coyclase. activatie wvan
dit enzym en effecten die daardcoor teweeggebracht worden. wordt gegeven in
hoofdstuk 3. Cyeclisch AMP wordt, samen met Ca2+, veschouwd als de belangrijkste
intracellulaire T“boodschapper”™, de stof die er veor zorgt dat een signaal van
buiten de c¢el emgezet wordt in een chemische reactie binnen de cel. Omdat

leukotrieen C4 de afgifte wvan prostaglandine E2 deoor macrofagen beverdert en
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omdat bekend was dat de effecten wvan prostaglandine E2 tot stand komen via
verhoging van de intracellulaire c¢yclisch AMP concentratie, werd de rol van
cyclisch AMP in de interactie tussgen beide eicosanociden onderzocht. Om dit te
kunnen doen werd een aantal experimenten uitgevoerd (hoofdstuk 6). Dazar
adenylaat c¢yclase niet alleen door  prostaglandine EZ' maar ook door
g-adrenoceptor stimulatie geactiveerd kan worden, werden als eerste de effecten
van diverse g-adrencceptor agonisten op de werking van leukotrieen C4
bestudeerd. Vervolgens werd onderzocht wat het resultaat was wvan ophoping van
intracellulalr c¢yelisch AMP na inactivatie van het enzym phosphediesterase door
IBMX. Tenslotte werd gekeken naar de veranderingen in de tijd van het cyclisch
AMP gehalte in af- respgctievelijk aanwezigheld wvan de cyclooxygenase remmer
indemethacine. Deze laatste experimenten werden uitgevoerd om de betrokkenheld
van de endogeen gevormde preostaglandinen blj de ¢yellsch AMP  generatie te
bepalen.

Stimulatie wvan B-adrenoceptoren leidde <tot remming van alle door
leukotrieen C4 vergorzaakte effecten. Ult studies met selectieve antagonisten
blesk dat de effecten van de ageonisten 1tot stand kwvamen +wia stimulatie van

Ay-adrenoceptoren. Cok IBMX remde de door leukotrieen C, vercorzaakte afgifte

4
van prostaglandine E2 en B-glucuronidase. In tegenstelling  tot de
A-adrenoceptor agonisten, maar evenals prestaglandine E1, bleek IBMX de
thromboxaan A2 arfgifte te remmen. Een verwvarrend resultaat dat er niet

duidelijker op werd deor de gegevens van de studies naar cycliseh AMP kinetiek.
Hieruit bleek dat zowel leuketrieen 04 als de ﬂz-adrenoceptor agonist salbutamol
een tijdelijke toename van de hnceveelheid iIntracellulair cyelisch AMP
vergorzaakten. De teoename na  leukotrieen C4 kon  geremd worden  met
indomethacine, een gegeven waardoor de conclusle gerechtvaardigd is dat deze
toename tot stand kwam via prostaglandine productie. Werden leukotrieen 04 en
salbutamol gezamenlijk gegeven, dan was de cyclisch AMP toename groter en
bevendien langer aanhoudend. Endogene prostaglandine vorming speelde hierbi]
geen  rol: na voorbehandeling met indomethacine was het effect niet verdwenen
maar julst versterkt. Een verklaring wvoor dit verschijnsel kan gevonden worden
in hnet bestaan van meerdere, gescheiden bronnen cyclisch AMP. Of een van deze
bromnen gestimuleerd wordt door leukeotrieen c4. of dat de activatie van de c¢el
door leukotriesen C; aan salbutamol de gelegenheid biedt een speciale bron aan te

boren, is geenszins duldelijk. Beide mogelijkheden =zijn in de literatuur
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geactiveerde macrofaag verliest echter, om veoralsnog duistere redenen., haar
vermogen veoldoende prostaglandinen te produceren om een hoog c¢yclisch AMP
gehalte in stand te houden. Na activatle daalt dit gehalte razendsnel. Verdere
activatilie van de cel wordt echter voorkomen door de vergrote gevoeligheld van
het adenylaat cyclase voor prostaglandine Ez. waardeor zelfs klelne hoeveelheden
in staat zijn om de negatleve terugkoppeling in stand <e houden. Behalve de
synthese van prostaglandinen is ook de capaciteit tot Pproductie wvan
leukotrienen, na activatie wverminderd. Toch 1is de basale afgifte van
leukotrieen C4 heger in actleve cellen. Hoewel de exacte corzaak voor deze
discrepantie niet bekend is, is het heel wel mogelijk dat dit gegeven slechts
een weerspiegeling is van het feit, dat ondanks verminderde beschixbaarheid van
arachidonzuur, de mecedersubstantie, het leukotrieen genererend enzymsysteem
optimaal functioneerst. Een manier waarop de macrefaag de wverminderde
beschikbaarheid van arachidonzuur op kan vangen ligt Ybesleten in een unieke
samenwerkingsvorm tussen macrofagen en lymfocyten. Zelf is een lymfocyt nilet in
staat eicesanoiden te produceren; wel kKan deze cel arachidonzuur afstaan aan de
macrofaag, die ket op haar beurt als substraat voor de eicosancid preoductie kan
gebruiken. Of deze interactie dim wvivo echter ook optreedt 1s geenszing
duidelijk.

Figuur 1 is gestyleerd nazar analogie van Francis Pilcabia’s schilderij:
Petite solitude au miliew des soleils. Het onderschrift bij dit schilderij
luidt: TTableauw peint pour raccnter, mon pour prouver”, een onderschrift wat
uitatekend de bedoeling van de figuur weergeeft; »niets meer dan de presentatie
van een simpel model, geen absolute waarheid. Het model is simpel, immers Ca2+
is weggelaten. de interactie tussen leukotrieen Cy em cyclisch AMP is er niet in
opgenomen en wisgelwerkingen tussen verschillende c¢yclooxygenase mnetabolieten
zijn mniet mesgeteld. Volgens Picabia is dit echter gerechtvaardigd, immers:

“Het onbekende kent geen theoriedn”.

Samenvattend lelden de beschreven resultaten tot de volgende ceonclusies:
-verhoogde activiteit van een macrofaag 1s gecorreleerd aan verminderde
productie van prostaglandine E, en toggenomen synthese van leukotrieen C4,
-leuvkotricen 04 bevordery de macrofaag activitelt,

-leukotrieen 04 beverdert de afgifte van prostaglandine E2 door macrofagen,

-prostaglandine 52 heeft geen effect op de afgifte wvan leckotriensn door
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macrofagen,

-prostaglandine E2 remt macrofaag activiteir,

-stimulatie van gy-adrencceptoren doet het effect wvan leukotrieen C, op
macrofagen teniet,

~effecten van saadrenoceptor agonisten komen tot stand via activatie wvan
adenylaat cyclase en

-er bestaat een wisselwerking tussen leukotrieen 84 en salbutamol, leldend

tot ecen verhoogd gehalte zan Iintracellulair cyclisch AMP.

Ter afslulting nog enkele kanttekeningen. Hoewel de afgifte van lysoscmale
enzymen een belangrijke, aspecifieke parameter 1s van macrofaag activitelt, is
het maar een faget hiervan. Om de werkelijke Yetekenis wvan de vastgestelde
interactie tussen leukotrieen C¢ en prostaglandine E2 te kennen, moeten andere
agpecten van macrofaag activiteit bestudeerd worden, speciaal die aspecten die
van belang zijn voor de samenwerking tussen macrofagen en andere cellen. Bij de
hier beschreven studies werd gebrulk gemaakt van ratie-macrofagen. Hoewel we
nog niet in staat ziJn hierover een eenduldig ceordeel te geven, verschaft het nu
lopende onderzeek op onze afdeling ong aanwijzingen dat pij de mens niet
prostaglandine Ez. maar prostacycline de belangrijkste cyclooxygenasc metabollet
is. Voorts is aebleken dat menselijke longmacrofagen voornamelijk
leukotrieen D4 produceren. Voordat de hier geopperde hypothese practlsche
toepassingen oplevert moet er mog veel onderzocht wordem. Echter, het concept
dat macrofaag activitelt gemodulegerd wordt door eicosanoiden opent een scala azn
mogelijkheden wat betreft de ontwikkeling van nieuwe geneesmiddelen. Toepassing
van farmaca, die of de lipoxygenase of de cyclooxygenase route remmen, zou
regpectievelijk een onderdrukking of een verhoging van de immuunrespons tot
gevolg kunnen hebhen. Dezg aanpak 1s tamelijk conventioneel. Gecombineerd
echter met veranderingen =zan de chemische structuur, zodanig dat de
geneeshiddelen aangrijpen op specifieke cellen, zou hij lelden tot het ontstaan
van bijzonder geschikte, selectief werkzame farmaca. Een andere manier om de
werking wvan leukotrienen en prostaglandinen te remmen houdt de toediening van
specificke receptor antagonisten in. Tenslotte, versterking van fysiologische
processen door toediering wvan syathetische analoga 1s een aanpak die,
onverdliend, nauwelijks aandacht genlet. Het staat bulten kijf dat succesvel

ingrijpen in het Immuunsysteem gunstig 1s bi] =siekten =zoals rheumatoilde
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arthritis, AIDS en glomerulonefritis. Ook staat wvast dat de macrofaag een
prominente pogitie inneemt binnen het immuunsysteem. Echter, zoals reeds eerder
Zesteld, de contwikkeling wvan geneesmiddelen die effectief de macrofazg

activiteit beinviceden staat pas in de kinderschoenen,
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APPENDIX: MATERIATLS AND METEODS

Cell isclation and Imcubation.

All cells were izolated from male Wistar rats(175-200 g}, Resident
peritoneal c¢ells were harvested by peritoneal lavage with 40 ml Cey s Balanced
Szlt Solution (CGESS). Elicited cells were harvested on the fourth day after an
intraperiteoneal injection with 2 mg carrageenan {f amg/ml) (Marine Coiloids Inc..
USA) or 2 ml Freund s incomplete adjuvant (Difco Labk.. USA). A c¢ell population
of more than 90% macrophages, a5 Judged by differential counting of smears
stained with May Grinwald Clemsa solution, was obtalned by density gradient
centrifugation (Lymphoprep., Nyegaard and Co., Norway). After determination of
cell viability by Trypan Blue execlusion, the cells were suspended in Minimal
Essential Medium, Delbuccs s modiflcation (DMEM), supplemented with penicilliz
(100 IE/ml}, streptomycin (0.1 mg/ml) and glutamin (0.292 mg/ml). Trypan Blues
gelutien. DMEM, penielllin, streptomycin and glutamin all were purchased from
Flow Lab., USA. Regularly, 1.5 ml of the suspension, contzining 2.5x106 viagble
cells/ml, was incubated for 1.5 h at 37°C in 2 humidified atmesphere containing
5% 002 in air. In caze of the measurements of leukotriene preduction and cyelic
AMP content a somewhat different experimental procedure was followed which is
described below in the regpective paragraphs.

During the incubation period the cells were exposed te the following druge
or to comblhatiens of these drugs: arachidemic acid (Supelece Inc., USA), A23187
{Calbiochem Behring Inc., USA), leukotriene 04 (a2 gift from Dr.J.Rokach, Merck

1y

rosst  Lab., Canada), dindomethacin (pharmacie AZR Dijkzigt, The Netherlands).
aspirin (pharmacie AZR Dijkzigt, The Netherlands), Org 7258) (Organon NV, The
Ketherlands), piroxicam (Pfizer Inc.. USA), salbutameol {Claxo, UK), isopremnalin
(Brocacef, The Netherlands), practelel (ICI, UK}, sotalol (Lappe, FRG), H3525
{dl-erythro-4 -methyl-a{l-izopropylaminoethyl)-benzylalcohol HLL) (a gift from
Dr.G.Johnsson, AB Hissle, Sweden) and isobuthylmethylxanthine (IBMX) {Janssen
Chimica, RBelgium). Gontrol studies were performed under the same experimental

conditions and are referred to as basal secretory levels. At the end of the
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incubation periled the cells were sSpur down at 12000 g feor 1 minute, the
supernatant was decanted and frozen at —'TOGC for assay of lactate dehydrogenase
and g-glucurcnidace activity and prostaglandin EZ’ thromboxane A2 and
leukotriens content.

Enzyme measurements.-

Lactate dehydrogenase activity was nmeasured by the method of Wroblegsky and
LaDuez. In this method lactate dehydrogenase catalyses the conversion of
pyruvate [Boehringer, FRG) to lactate, whereby NADH (Boehringer, FRG) is used as
cofactor. The reduction of NADHE concentration can be measured as a declining
extinction at 340 nm and hence is a parameter for lactate dehydrogenasze
activity. Lactate dehydrogenase release was used as a control parameter. If
any appreciable changes were observed in the activity of lactate dehydrogenase
in the incubation medium, suggesting that the membranes of the cells were
damaged during the test period due to a specific treatment, the effects of this
treatment were c¢onsidered to be toxic. An illustration of such an effect is
provided in figure 1 showing that the 51—selective adrenoceptor agonist atenolol

(ICI, UK) was texic te macrophages.



A-glucuronidase activity wasz guantified uzing the conversion of
phenclphthalein glucurcnide (Sigma, USA)to rhenolpthalein wiaich was then
measured spectrophotometrically {A=555 nm}. Phenclphthalein used for the
standard curve wag obtained from Merck, FRG.

Measurements of cycleooxygenase products

Prostaglandin E2 and thromboxane A2 were assayed by a direct
radioimmuncassay (RIA)}, whercby thromboxane A2 was measured as the stable
breakdown product thromboxane BE' Antibedies were obtained from +the Institute
Pasteur {(Parils), standard prostaglandin E2 and thromboxane B, from Jigma Chem.-
Comp. {USA) and tritlated compounds from the Radlochemical Centre of Amershan
QN

Measurements of S-lipoxygenase products

In all experiments whereby leukotriene production was assessed a protocel
was used as follows. 10;(106 macrophages were suspended in 10 ml DMEM and
incubated for 15 minutes at BTUC in a humidified atmosphere containing 5% 002 in
alr. DMEM was supplemented with glutamin, penicillin and streptomycin as
described earlier. Additionzlly gluthathion {2 mM) (Merck, FRC)} and arachidonic
acld {10 wg) were added. At the end of the 19 minutes incubation serine
{0.25 mM) (Merck, FRG) was added to prevent breakdown of the peptidoleukotrienes
and the cells were spun down {10 minutes, 1400 g). The pellets were washed once
with 10 ml GB33 and the combined supernatants were stored at —TOOC. Thereafter.
proztaglandin B2 (200 zg) was added ag internal ztandard. The supernatants were
appliecd to a couple of Seppak c18 and silica cartridges (Waters/Millipore, The
Netherlands) which were prewashed with 10 ml ethanol and 10 ml distiiled water.
The samples were eluted with 4 ml ethanel and evaporated to dryness in a vaculm
centrifuge. Dried  samples were disselved 1In 0.5 ml of HPLC-selvent A,
centrifuged and purified by a Millex filter {Waters/Millipore, The Netherlands)
and  kept in  a HPLLC micro wial {Weichmann, Switzerland). Using this
concentration technique a recovery of 60.70% regularly ecould be cbtained.
Reversed phase-HPLC of leukotrienes was carried out on a Nucleozil 5 018 column
{Chrompack., The Netherlands) with a solvent system (A) as follows:
tetrahydrofuran/methanol/0.1% (w/v) EDTA  selutien  in  water/acetic acid
(25/30/45/0.1), adjusted to pH 5.5 with ammoniumhydroxidcs. A representative
chromatogram of a leukotriene and prostaglandin 32 standard mixture is shown in

figure 2A. of 3 sample in figure 2B {leukotrienes B D, and B, were gifts

e Cao
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Figure 2. HPLC-chromatogram of a mixture of standards (22‘) and of a sample (2b)
containing leukotrienes €, and B,. The standard mixture contained 100 ng
leukotrienes C4, D4, E4 and 34 eack and 40 ng PGB2.
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of Dr.J.Rokach, Merck Frosazt, GCanada).

Cyclic AMP measursments.

In order to study kinetic changes of intracellular c¢yclic AMP contents the
macrophages were preincubated for 1% minutes at STUC. Preincubation was
necessary tg prevent a "heating effect”™, since the cells were kept on ice during
the isolation and purification procedure. Heating the cells to 3700 cauges &
rige in intracellular cyclic AMP. Following the addition of the different drugs
the macrophages were allowed to remain in suspengion (2.5:\:105 cells/ml, 1 ml)
for 1, 5, 10 or 15 minutez., IBMX was not added to the incubation medium. After
the incubation the c¢ells were spun down at 12000 g for 30 geconds and the
supernatant was discarded. Fellowing the addition of 1tris discdium adetates
{(EDTA) buffer (pH 7.4) <to the pellet, 5 minutes boiling in a water bath and
centrifugation at 12000 g for 1 minute, the supernatant was stored at —20°C for
subsequent cyclic AMP assay, which was carried out by the preotein binding
method1.

Statistical evaluatien

Student s t-test (two-tailed) was applied Tor statistical evaluation of the

regults.
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