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1. INTRODUCTION 

Neutrophils (neutrophilic granulocytes, polymorphonuclear cells (PMN)) are the most nu

merous leukocytes in the blood. They constitute, together with mononuclear phagocytes, the 

major defense system against infections with bacteria and fungi'. During the acute inflam

matory response, neutrophils are the first cells to be found in large numbers at the inflam

matory site. By way of chemotaxis, neutrophils move directionally toward the highest con

centration of a certain chemokine2. To reach an inflammatory focus, neutrophils engage in 

adhesive interactions with endothelial cells lining the blood vessels, and subsequently enter 

the extracellular matrix (ECM)3 (Fig. I). 

Fig 1. Rolling, firm adhesion and subsequent transmigration of a neutrophil from the vascular lumen 

between the endothelial cells toward the sub-endothelial extracellular matrix (ECM) 
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There, neutrophils bind and ingest pathogens that have been opsonized, either by comple

ment factors or by immunoglobulins . Next, the phagosome, which contains the ingested 

pathogen, fuses with primary and specific granules, which contain lytic enzymes and anti

microbial proteins . Finally, a respiratory burst takes place, a process specific for profes

sional phagocytes that allows the cell to produce large amounts of reactive oxygen interme

diates (ROI), such as superoxide (02"), hydrogen peroxide (H202) and hydroxyl radicals 

(OH"), which -together with the proteins from the granules- lethally damage the ingested 

microbes6 (Fig. 2). 

outside 

plasma membrane 

Fig. 2. Killing of microorganisms by neutrophils. Contact of microorganisms, opsonized with IgG 

antibodies and complement fragments, with neutrophil surface receptors starts phagocytosis, NADPH 

oxidase activation and degranulation. Within the phagosome, ROI interact with granule enzymes such 

as myeloperoxidase (MPO) for effective killing of ingested microorganisms. (Reproduced with permis

sion from Roos, D. (1991) The respiratory burst of phagocytic leukocytes. Drug Investigations 3:48-53) 
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When the normal function of neutrophils is hampered, the effective clearance 

bacteria and fungi is gravely disturbed, leading to life-threatening infections. Most of the 

rare clinical disorders of neutrophil function are caused by the inability of the neutrophils to 

perform one of the above-mentioned biological processes. Lack of expression (Leukocyte 

Adhesion Deficiency-1, LAD-1)7 or function (LAD-1/ Variant)8 of p\ integrins, an impor

tant group of adhesion molecules, impedes the cells in reaching the inflammatory focus. 

Similar problems arise when another molecule, sialyl-Lewis X (SLeX), an endothelial li-

gand for the leukocyte adhesion molecule L-selectin, is not expressed (LAD-2)9. Distur

bances in granule formation (neutrophil Specific Granule Deficiency, SGD)10, or an inabil

ity to perform a respiratory burst (Chronic Granulomatous Disease, CGD)6, hamper efficient 

killing of ingested microbes. 

While these disturbances of neutrophil function can be life-threatening, the re

lease by neutrophils of inflammatory mediators, lytic en2ymes and ROI under "normaf 

circumstances can have deleterious effects by itself. In diseases where neutrophils play an 

important role, the release of neutrophil products is directly linked to tissue damage". The 

long-term prognosis of these infectious and inflammatory diseases is determined by the 

ability of the body to reconstitute the differentiated and specialized tissue structures, after 

the inflammatory response has subsided. 

To ensure that a swift and efficient anti-microbial response evolves with a mini

mum of self-destruction, it is of great importance that the functioning of neutrophils is 

tightly controlled. Regulated cellular activation12 and apoptosis (programmed cell death)13 

provide the main control mechanisms, which can either boost or diminish neutrophil re

sponses. 

In this introduction, several of these control mechanisms will be discussed, start

ing with an outline on the expression and functional regulation of adhesion molecules on the 

neutrophil surface, and the effects of adhesion on neutrophil activation (section 2). In sec

tion 3, the situation is described in which the neutrophil has moved from the blood stream to 

the tissues, where components of the ECM constitute its main adhesion ligands. As a model 

for the interaction between neutrophils and ECM in inflammation, the composition and 

changes of the ECM in the renal glomerulus in health and disease are discussed, with em

phasis on fibronectin (FN), one of its main components. Also, attempts to block leukocyte 

adhesion to decrease inflammatory activity are reviewed, again focussing on glomerulone

phritis and the FN ligand Very Late Antigen-4 (VLA-4). In section 4 the neutrophil's jour

ney comes to an end, and this introduction will be concluded with an overview of the recent 

literature on the control mechanisms of neutrophil apoptosis. 
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2. ADHESION AND ACTIVATION IN NEUTROPHIL BIOLOGY 

2.1 Adhesion and migration of neutrophils 

Adhesion is a key mechanism in the biology of the neutrophil from the cradle to the grave. 

The proliferation and differentiation of hematopoietic stem cells toward mature neutrophilic 

granulocytes is partly regulated by adhesive interactions between the progenitor cells and 

the surrounding ECM and stroma cells of the bone marrow14. During this differentiation, 

certain adhesion receptors on cells of the myeloid lineage are downregulated", which could 

play a part in the release of these cells from the bone marrow to the blood. 

While aged neutrophils may be cleared directly from the blood by macrophages in 

the spleen or liver, many neutrophils rapidly leave the vascular lumen and move to the tis

sues. The migration of neutrophils, in which adhesion is indispensable, is a multi-step proc

ess of which many details have been elucidated over the last two decades. The basic pattern 

of migration, as described below, is similar for all leukocytes. 

First, activation of endothelial cells by inflammatory mediators induces expression 

of the adhesion molecules P-selectin and E-selectin, which bind carbohydrate ligands on the 

leukocyte's surface. This weak adhesive interaction causes the leukocyte to roll on the sur

face of the vessel wall. Another leukocyte-specific selectin, L-selectin, binds carbohydrate 

ligands on the endothelial cells. Close contact with the endothelial cells exposes the leuko

cyte to cytokines produced by these cells. Activation by cytokines, as well as signaling by 

selectin-mediated binding, induces upregulation and activation of integrins, another group 

of adhesion receptors on the leukocyte16. Binding of integrins to their counter ligands 

VCAM-1, MadCAM and ICAM-1, -2 and -3 (all members of the immunoglobulin superfa-

mily) mediates firm adhesion of leukocytes to endothelial cells. Next, leukocytes can move 

between the endothelial cells, which involves homophilic interactions of CD31 (PECAM-

1), into the sub-endothelial space layer3. 

There, in the sub-endothelial ECM, the neutrophil may firmly adhere and come to a 

standstill, or move on toward a possible inflammatory site. Presumably, adhesive interac

tions influence the activation state of the neutrophil at this point (see below). Also, next to 

Fcy-mediated interactions, adhesion is important for the phagocytosis of the microbial in

vaders found in infected tissues, as the integrin CDllb/CD18 adhesion receptor on neutro

phils also binds complement fragments on bacteria. Finally, adhesion influences apoptosis 

of neutrophils (Introduction, section 4; Chapters V & VI), and apoptotic neutrophils are 

themselves removed by adhesion to macrophages, followed by phagocytosis and diges-

tion13. 
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2.2 Adhesion receptors on neutrophils 

Neutrophils are equipped with a large set of adhesion molecules {Table 1). As in other leu

kocytes, neutrophils express L-selectin and carbohydrate ligands for endothelial E-selectin 

and P-selectin (such as sialyl Lewis X, (SLeX)) that mediate rolling on activated endothe

lium'. 

The second group of adhesion receptors consists of heterodimers of an a and a 

(3 chain, called integrins. The integrins are grouped according to their common p chain, and 

bind to a large and diverse set of cellular adhesion ligands and ECM molecules17. Compared 

to other leukocytes, the most striking differences in the expression of adhesion receptors are 

the relative abundance of p\ integrins, and a relatively low expression of (3| integrins on 

neutrophils. 

Expression of the p2 integrins is restricted to leukocytes. The p2 chain heterodi-

merizes with any of four alpha chains, forming CD1 la/CD 18 (ctLp2, LFA-1), CD1 lb/CD 18 

(alV1p2, Macl, CR3), CDllc/CD18 (axp2, pi50/95, CR4) and CD 1 Id/CD 18 (aDp2)18. All 

P2 integrins are present on neutrophils, but expression of CD1 Id/CD 18, a ligand for 

ICAM-3 and VCAM-1, is disputed191211. CD 11 a/CD 18 binds ICAM-1, -2 and -3, and may 

thus mediate firm adhesion from neutrophils to endothelium. CDllc/CD18 is not highly 

expressed on neutrophils, but more so on monocytes, and plays a role as a receptor for the 

complement factor iC3b, fibrinogen (Fb) and probably also ICAM-1l8. 

CD1 lb/CD 18 is by far the most significant integrin for neutrophils. Its already high 

expression level is rapidly increased when neutrophil activation leads to fusion of specific 

granules, gelatinase-containing granules and secretory vesicles with the plasma membrane21. 

CD lib/CD 18, like the other p2 integrins, binds ICAM-1 on endothelial cells, iC3b, coagu

lation factor X, Fb18, and fibronectin (FN) (chapter II). As such, CD1 lb/ CD 18 plays a part 

in firm adhesion, but also in phagocytosis22. 

The expression of the p, integrins is -in contrast to the p2 integrins- not restricted 

to leukocytes. So far, twelve a chains (a,-an and av) have been described to dimerize with 

the p, chain, forming VLA-1 to VLA-11 (c^p, to ccnpi) and avp,23"25. Some of these inte

grins are expressed on almost every cell of the body, and play a part in essential biological 

mechanisms such as proliferation, differentiation, apoptosis and migration. Hence, P, inte-

grin-mediated adhesion is important in wound healing, embryogenesis and in malignant 

transformation and metastasis in cancer. For some leukocytes, such as T-lymphocytes26 and 

eosinophilic granulocytes27, p, integrins play a critical role in many adhesive interactions 

with endothelial cells or ECM. It has been a long-standing dogma that neutrophils do not, or 

hardly, express P, integrins28. However, this idea does not hold true in the light of recent 
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reports that have shown expression, but also functional importance of Pi integrins on neu

trophils. 

Table 1: Adhesion receptors on neutrophils 

Receptor 

a2p, 
a3p, 
a4Pi 
a5p. 
a6Pi 
a9pi 

aLp2 

a.viP2 
«xP2 
aDp2 

avP3 

CD31 
CD44 
L-selectin 

Nomenclature 

fi, integrins 

VLA-2, CD49b/CD29 
VLA-3, CD49c/CD29 
VLA-4, CD49d/CD29 
VLA-5, CD49e/CD29 
VLA-6, CD49f/CD29 
VLA-9, CD49i/CD29 

fi2 integrins 

CD 11 a/CD 18, LFA-1 
CD1 lb/CD 18, Macl,CR3 
CDllc/CD18, pi50/95, CR4 
CDII0VCDI8 

Pi integrins 

CD51/CD61, VnR 

Non-integrin receptors 

PECAM-1 

Ligands 

LN, collagen (I-III, VI) 
LN, FN, collagen I 
FN(LDV), VCAM-1 
FN 
LN 
VCAM-1, TN 

ICAM-1,-2,-3 
ICAM-1, iC3b, factor X, Fb, FN 
ICAM-1, iC3b, Fb 
ICAM-3, VCAM-1 

FN, Fb, Vn, TSP, CD31 

CD31 
HA 
Carbohydrate-moieties 

Table 1: Adhesion receptors on neutrophils with known ligands. Expression on neutrophils 
of some of these receptors is disputed (i.e. VLA-2, VLA-3, VLA-6, CD11d/CD18, avp3) 

After an early report, which showed localization of the FN-receptor VLA-5 and the laminin 

(LN)-receptor VLA-6 in the specific granules of human neutrophils29, expression on neutro

phils and ligand binding were shown for VLA-230, VLA-33', VLA-432 (Chapter II), VLA-

533, VLA-634 and VLA-935. A role in neutrophil migration on FNj6 and on fibrin37 has been 

shown for VLA-5"'1. Transmigration of neutrophils over cell layers was shown to be partly 

mediated by VLA-438, VLA-539 and possibly VLA-639. The administration of blocking anti

bodies in experimental models in animals revealed a contribution of VLA-4 and VLA-5 to 

neutrophil adhesion and migration in rats40'41. Interestingly, one group has claimed that 
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transmigration of neutrophils in vivo induces expression of VLA-4, VLA-5 and VLA-2, 

probably an effect of p\ integrin engagement42. In these studies, extravascular movement 

was mediated by VLA-2 but not by VLA-4 or VLA-530. 

Although VLA-4 and VLA-9 bind endothelial VCAM-135, the neutrophil's (3, inte-

grins are predominantly receptors for ECM proteins such as FN (VLA-3, VLA-4, VLA-5), 

laminin (LN) (VLA-2, VLA-3, VLA-6), collagen I-III (VLA-2, VLA-3) and tenascin (TN) 

(VLA-9) ' . As described above, transmigration possibly induces or increases expression 

of various Pi integrins on the neutrophil30"41. Thus, the neutrophil would be provided with a 

set of adhesion molecules that enables it to interact with the new environment where the cell 

finds itself after transmigration. 

Expression on neutrophils of an integrin from the p3 family, ocvp3, is still under de

bate. If so, this might contribute to neutrophil binding to FN and CD3145. Among the neu

trophil's many non-integrin receptors, CD31 -a member of the Ig superfamily- binds endo

thelial CD31 present in the endothelial cell-cell junctions and thus facilitates transmigra

tion . CD44 is also expressed on neutrophils, and binds among others hyaluronan (HA)47, 

an important constituent of many EC matrices. 

The importance of p2 integrins as neutrophil adhesion receptors is illustrated by the 

severe immunodeficiency that arises when p2 integrins are not present or inactive (see In

troduction, section 1)7;8. Conversely, in certain inflammatory disorders inhibition of func

tional CD 18 might hamper neutrophil migration and hence decrease neutrophil-mediated 

tissue damage. The applicability of this concept in the treatment of certain severe inflam

matory processes, e.g. by using blocking monoclonal antibodies to CD 18, is currently tested 

in patients with traumatic hemorrhagic shock48. 

So far, only one patient has been described whose symptoms of immunodeficiency 

could perhaps be explained by lack of activity of the p, integrins (but combined with de

fects in p2 integrin function)49. A remarkable increase in VLA-4 expression on neutrophils 

was recently reported in critically ill septic patients50. The patients' neutrophils were, in this 

study, capable of strong adhesion to the endothelial ligand of VLA-4, VCAM-1. Anti-

adhesion therapy with blockers of VLA-4 has been used in the experimental treatment of 

other inflammatory disorders that are mediated by lymphocytes and eosinophils (see below). 

These findings suggest that it might also be useful in the treatment of sepsis or other neutro

phil-mediated diseases. 
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2.3 Activation and inside-out signaling 

During their short life-span, neutrophils change from being free and unconnected cells that 

are passively carried by the bloodstream, into cells that are in close adhesive interactions 

with ECM and tissue cells. In the ECM, they move directionally along a concentration gra

dient of chemotactic agents, which are produced and released at the site of inflammation, 

where neutrophils are most needed51. Also, after transmigration, but not before, neutrophils 

must be able to use their repertoire of anti-microbial strategies. Thus, various control 

mechanisms ensure that the engagement of the neutrophil's lethal weapons occurs only 

when needed. 

Activation, i.e. the combination of the release of granule enzymes and the produc

tion of ROI by a respiratory burst, is to a large extent regulated by pro-inflammatory cytoki

nes. A large and diverse group, these molecules bind their special receptors on the neutro

phil's surface, resulting in the induction of various signal transduction pathways. These cy

tokines are produced by many tissue cells, other leukocytes and neutrophils themselves52. 

Important players in neutrophil activation include IL-ip53, IL-854:55, TNF-a56, G-CSF and 

GM-CSF57, IFN-Y58, lipid mediators such as leukotriene B4
59and PAF60, but also the bacte

rial products fMLP61 and LPS62. Most of these molecules cannot induce a respiratory burst 

by themselves, but they enhance the response to other, stronger stimuli such as fMLP or 

TNF-a, a process termed priming. Other routes toward activation include cross-linking of 

Fcy-receptors63 by IgG-opsonized bacteria or cells and adhesion, which will be discussed 

below. 

Many of the signals that translate binding of pro-inflammatory mediators to 

priming or full-blown activation have another important impact on neutrophils. Normally, 

its most important adhesion molecules, the integrins, are in an inactive conformational state 

that does not allow high-affinity ligand binding leading to firm adhesion. The conforma

tional change needed to "switch an integrin on" is induced by signals from the interior of the 

cell to the cytoplasmic tail of the membrane-bound integrin. This phenomenon, extensively 

studied and described in many cell types, is called inside-out signaling (Fig. 3). For the 

neutrophil, as for other leukocytes, it provides another mechanism to control where the cell 

stops and when it goes, to ensure it is active at the right place and time64. In vitro, integrin 

activation can be mimicked by divalent cations65 and mAbs that specifically bind activation 

epitopes and induce adhesion66 
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y'[ft Endothelial Cell 

'•... . . . . . . . . . . ,Ux,.,,,,.>' 

axpy IX-CAM 

' , • ' Activation ''/> 
. 

Leukocyte Wy 

Fig. 3. "Inside-out signaling". Many signal transduction routes toward the cytoplasmic tail of an inte-

grin on the leukocyte's surface may result in a conformational change. Only this so-called "integrin 

activation" allows the receptor to mediate firm adhesion to its ligand. 

Only some of the many signal transduction routes that may lead to activation of 

integrins on neutrophils and other cells have been identified2. Signals from G-protein-linked 

receptors of chemokines such as IL-8 that lead to integrin-mediated adhesion are mediated 

through the small GTP-binding protein RhoA67 and are blocked by elevation of [cAMP]^. 

Tyrosine kinases are involved in neutrophil adhesion69 and upregulation of p\ integrins, and 

p\ integrin-mediated adhesion was blocked by tyrosine kinase inhibitors in neutrophils70. 

Apart from tyrosine phosphorylation, an increase in [Ca2+]j plays a role in signaling to and 

activation of CD 1 la/CD 1871. Finally, many studies have shown a role for routes involving 

phosphoinositide 3-OH kinase (PI 3-K) in the activation of CDllb/CD18 on neutro

phils .Although the effects of cytokines on adhesion, degranulation and respiratory burst 

are profound in neutrophils, they are just one of the many types of effector cell influenced 

by cytokines during inflammation. Therefore, some cytokines have been the target of inhi

bition in the treatment of severe inflammatory diseases, e.g. PAF in sepsis73 and asthma74 

and TNF-a in sepsis75, rheumatoid arthritis76 and Crohn's disease77. Not all of these clinical 

trials were highly successful73;75, and although side-effects should be less than with tradi

tional immunosuppressive drugs, the disruption of the complicated regulatory mechanisms 
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imposed by cytokines on inflammatory cells could have many implications that are as yet 

not well identified. 

2.4 Outside-in signaling and cross-talk 

As mentioned above, adhesion is indispensable for neutrophils to reach their destination, 

and is regulated through cellular activation by cytokines and other inflammatory mediators. 

By releasing degrading enzymes and ROI, the neutrophil acts upon its ECM environment, 

but he ECM in its turn influences neutrophil behavior. Many adhesion receptors, most im

portantly the integrins, have been found to pass signals to the interior of the cell upon acti

vation and ligand binding or cross-linking . As opposed to signaling from the cell to its 

membrane-bound adhesion receptors, i.e. inside-out signaling, this phenomenon has been 

called outside-in signaling79. 

In early studies, it was shown that adhesion through CD1 lb/CD 18 was necessary 

for neutrophils to undergo a respiratory burst induced by TNF-a80. Others showed that 

binding to immobilized mAb recognizing CD1 la or CD1 lc was sufficient to induce a burst, 

without additional cytokine stimulation, a process dependent on the actin cytoskeleton and 

inhibited by [cAMPJj . Also, in one study, cross-linking of p\ integrins in suspension was 

enough to prime neutrophils for a TNF-a or fMLP-induced burst82. Adhesion to various 

ECM proteins, mainly FN, was found to enhance neutrophil responses62'8'. So far, no evi

dence had been reported for signaling through engagement of Pi integrins on neutrophils 

(Chapter II). However, the non-integrin receptor CD44 was found to increase neutrophil-
47 

induced cytotoxicity . 

Many studies have focussed on signal transduction routes leading from p2
 i n t e-

grin engagement to neutrophil activation. Early studies have shown an increase in [Ca"+]j 

after p2 integrin engagement in neutrophils84, as well as tyrosine phosphorylation after 

cross-linking of p2 integrins83 and activation of certain tyrosine kinases after binding to 

Fb85. PI 3-K was shown to mediate signals generated by CD1 lb/CD 18-mediated adhesion86. 

The complexity of the signal transduction routes to and from the neutrophil's 

adhesion receptors is further enhanced by a phenomenon called cross-talk {Fig. 4). In cross

talk, outside-in signals from one adhesion receptor lead to inside-out signals to another. In 

neutrophil migration from the bloodstream, cross-talk presumably plays a role, since E-

selectin16, P-selectin87 but also CD3188 induce P? integrin engagement and thus firm adhe

sion to endothelial ICAM-1. 
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N "Cross-Talk" x •« 
^ - ^ ^ " 

Fig. 4. "Cross-tak". Engagement of integrin azpq (symbolic) on the surface of a leukocyte results in a 

signal to the cell's cytoplasm. This signal transduction route leads to, for instance, deactivation of an

other integrin, ax(3y, which thereupon releases its ligand Y-CAM. 

Cross-talk involving p, or (33 integrins has mainly been studied in other leuko

cytes and non-leukocytic cell lines. One study showed increased expression of (3, integrins 

after engagement of p2 integrins on neutrophils42. In a recent report, it was shown that cross-

linking of VLA-4 on neutrophils and myelocytic cells activates p2 integrins89 (see also 

Chapter II). In leukocytic cells, it was found that defective expression of pi integrins may 

lead to constitutively active CD 11 a/CD 189l), and engagement of CD 11 a/CD 18 on T cells 

decreases firm adhesion by p, integrins91. On the other hand, it was shown that VLA-4-

mediated adhesion activated CD 1 la/CD 18, also in T-cells92, and constitutively active 

CDlla/CD18 induced activation of p, integrins93. In other studies, cross-talk from ctvp3 to 

CD1 la/CD 18 was shown in monocytes94 and to VLA-4 in lymphocytes95. 

The pathways involved in outside-in signaling and cross-talk are complex and far 

from elucidated. Again, similar to the other control mechanisms described above, outside-in 

signaling provides another safety valve to prevent neutrophil activation in the bloodstream, 

while further facilitating neutrophil responses in inflamed tissues where neutrophils firmly 

adhere. 
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3. T H E EXTRACELLULAR MATRIX: A N IMPORTANT PLAYER IN THE IN

FLAMMATORY RESPONSE 

3.1 The composition and biological function of the ECM 

The ECM is a structural matrix, which underlies epithelia and endothelia and surrounds 

connective tissue cells. The most prominent components of ECM are glycoproteins -such as 

collagen, LN, FN, TN, vitronectin (VN), nidogen and heparan sulfate proteoglycans (HSP)-

and polysaccharides such as hyaluronic acid (HA)96. The composition of the ECM is highly 

variable and differs according to the functional requirements of each tissue structure in the 

body. 

Traditionally, the ECM was viewed as a scaffold for supporting the cellular ele

ments of various tissues. It is now recognized that apart from its structural functions, the 

ECM is essential for diverse biological processes. In several organs its prominent functional 

role is apparent, e.g. in the glomerular basement membrane (GBM) in the kidney for glo

merular filtration or in the bone marrow as milieu for the maturation of hematopoietic stem 

cells97. Other tissues, such as bone, cartilage or the vitreous body of the eye consist almost 

entirely of specialized ECM with only a sparse presence of cells. 

Many recent studies have focussed on ECM as a ligand for cellular adhesion. 

ECM is produced by the cells around it, but on the other hand influences the behavior of 

these same cells by outside-in signaling, as described above98. This signal may drive the 

cells to differentiation99, proliferation100, apoptosis or prolonged survival101. In addition, the 

ECM serves as a ligand for migrating cells, such as tumor cells, leukocytes and embryonic 

cells. As such, the ECM plays a role in tumor metastasis, embryonic organogenesis, wound 

healing and leukocyte migration in inflammation. 

The role of the ECM in the inflammatory response is two-fold. First, the normal 

matrix composition may change, and the amount of matrix material may increase. This re

sults in a -sometimes irreversible- loss of the normal tissue architecture, and thus impairs or 

even completely destroys organ function (see below). On the other hand, expression of suit

able ECM ligands facilitates migration of leukocytes. Furthermore, binding of leukocytes to 

ECM may result in outside-in signaling and thus influences the leukocyte's activation 

state1 . Also, binding to ECM induces gene expression or production and release of in

flammatory cytokines in monocytes10j and neutrophils104. 

Proliferation and survival/apoptosis are contraled by outside-in signaling in lym

phocytes105 and hematopoietic stem cells106, as well as in many non-leukocytic cells107'108. 

The ECM molecule fibronectin (FN) provides a survival signal for eosinophils109, whereas it 
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induces apoptosis of neutrophils110, especially through signaling via CD1 lb/CD18 (see be

low). 

Another role for the ECM in inflammation is its potency to store inflammatory 

mediators. Thus, the ECM serves as a reservoir for cytokines, which controls the availabil

ity of these molecules, with major temporo-spatial consequences. Some of these cytokines 

are present in an inactive pro-form, and are activated only after modification by enzymes 

from invading leukocytes1". 

Remodeling of the ECM may directly affect cellular responses. In addition, adhe

sion of leukocytes to suitable ECM ligands increases the release of cytokines, lytic enzymes 

and ROI from these cells. Thus, apoptosis of leukocytes is an important determinant in the 

limitation and therefore also in the resolution of the inflammatory response. 

3.2 Glomerulonephritis in the kidney: a role for ECM remodeling 

One of the best-studied models for the role of the ECM during inflammatory reactions is 

glomerulonephritis in the kidney. Glomerulonephritis (GN) exists as an isolated disease or 

can be associated with generalized diseases such as systemic lupus erythematodes (SLE), 

Wegener's granulomatosis (WG) and diabetes mellitus. Its causes include the deposition of 

immune complexes, binding of auto-antibodies to structures in the glomerulus itself, toxic 

substances (drugs, mercury), vasculitis and hypertension112. 

It has been well established that changes in the ECM play a role in the induction, 

progression and final outcome of this disease"3. The causes of these qualitative and quanti

tative changes are increased biosynthesis, altered assembly or decreased degradation of spe

cific ECM components"4. At early stages of renal inflammation this "sclerosis" is still re

versible"5, but as the disease progresses, the deposition of vast amounts of ECM results in 

the destruction of normal tissue structures, irreversible scarring and ultimately loss of renal 

function"6. By its nature, the glomerulus is the part of the kidney most prone to immuno

logical damage. 

The glomerulus, or renal corpuscle, is localized in the renal cortex {Fig. 5), and 

is the functional and anatomical unit where the primary urine is formed. Here, blood deliv

ered by the afferent arteriole passes through a capillary network, and then enters the efferent 

arteriole, which transports the blood to the capillaries in the tubulo-interstium. During its 

passage through the capillaries, the blood is filtered and the primary urine is formed. This 

process is dependent on several specific anatomical features typical for renal glomerular 

cells and for the ECM found in the glomerulus. 
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Fig 5A Fig. 5B 

Fig 5. Cross-section of the kidney, showing the renal cortex with glomeruli and the medulla with a col

lecting duct, through which the urine passes toward the renal pelvis (A), and a scanning elektron micro

scopic picture of the glomerular loop (B). 

First, the endothelial cells are fenestrated, i.e. through pores within the cells the 

blood is in direct contact with the underlying ECM. This specialized, very thin ECM layer 

is called the glomerular basement membrane (GBM)96. Owing to its negative charge and its 

molecular structure, the GBM is essential for glomerular filtration. From the outside, the 

GBM is covered by the interdigitating pedicels of the podocytes (Glomerular Visceral 

Epithelial Cells, GVEC). Between these pedicels, a diaphragm is extended. After passing 

through this diaphragm, the glomerular Filtrate enters Bowman's space, which is lined by 

parietal cells. Bowman's space is continuous with the proximal tubule, where the glomeru

lar filtrate is further concentrated to urine. The structural backbone of the glomerular capil-
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lary loop is maintained by the mesangial cells, a modified smooth muscle cell, and the mes-

angial matrix"7 (Fig. 6). 

Mesangial 

Fenestrated Podocyte 
Endothelial cells 

Fig 6. Cross-section of a glomerulus, showing fenestrated endothelial cells lining the capillary lumen. 
Beneath the endothelial cells the glomerular basement membrane (GBM) is situated, bordered by 
podocytes on the other side. The capillary loop owes its structure to the mesangial cells. The primary 
urine is filtered through the GBM, enters Bowman's space and passes though the tubule to the collect
ing duct. 

The delicate structure of the glomerulus is easily damaged. Proteolytic enzymes"8 

and ROI released by infiltrated neutrophils" and monocytes may directly damage glo

merular cells and matrices. Importantly, neutrophils and other cells possess enzymes termed 

matrix metalloproteinases (MMP). MMP, some of which are expressed on the outer cell 

membrane, specifically digest ECM proteins. Presumably, this facilitates migration of neu

ropils and, for instance, metastasizing tumor cells through ECM, but it also contributes to 

tissue damage "" . Inflammatory mediators produced by infiltrated neutrophils and by plate

lets ~ attract additional leukocytes. Other cytokines derived from neutrophils and platelets, 

such as PDGF (Platelet Derived Growth Factor), induce proliferation of resident glomerular 

cells122. In contrast, stimulation with another cytokine, TGF-P (Transforming Growth Fac-

tor-P) leads to increased ECM production by glomerular cells and infiltrated leukocytes123. 

The consequences of these changes in the glomerular structure are three-fold. 

First, changes in the composition of the GBM, thickening124 or structural damage to the 
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integrity of this structure directly affect glomerular filtration capacity. Second, the prolif

eration of glomerular cells, which in later stages of the disease goes hand in hand with in

creased deposition of ECM, damages the normal cellular composition of the glomerulus. 

Ultimately, these cellular structures may be completely destroyed and replaced by vast 

amounts of ECM, a process called crescent formation because of its half moon-shaped mi

croscopical appearance. Glomeruli may thus be completely lost, and since they are irre

placeable this leads to loss of renal function"6. 

3.3 The composition of the glomerular ECM 

The two matrices of the inflamed glomerulus, the GBM and the mesangial matrix, are com

posed of numerous glycoproteins, which may serve as a ligand for cellular adhesion. In ad

dition, the leukocytes and other cells that are present in the glomerular inflammatory lesions 

can bind to the abundantly present ECM. 

The GBM consists under normal conditions mainly of laminin (LN) "" , collagen 

type IV126, heparan sulfate proteoglycans (HSP)127, vitronectin (VN)128 and nidogen129. In 

the mesangial matrix, fibronectin (FN) and tenascin (TN)130 are also found. In inflamed 

glomeruli, the deposition of all these products is altered and often increased, which results 

in thickening of the GBM and an expansion of the mesangial matrix. The most pronounced 

qualitative changes are a relatively increased expression of FN131 and TN132 as compared to 

other ECM components, a shift from collagen IV to other types of collagen (types I and 

III)132, and the appearance of fibrinogen (Fb)133 and hyaluronan (HA). HA is not normally 

found in the kidney, but is strongly upregulated in the crescents of inflamed glomeruli134. It 

is a ligand for CD44, which is present on many cells, including most leukocytes. Apart from 

its role in tumor metastasis, CD44 can trigger the activation of neutrophils47. Throm-

bospondin (TSP) is another protein that is not normally present in the kidney but appears in 

the inflamed glomerulus135. It is a ligand for several integrins, and plays a role in the re

moval of apoptotic cells. Fb is an important component of the blood plasma, and is essential 

for the formation of the blood clot. As the GBM is damaged and becomes leaky, even large 

molecules such as Fb pass from the blood into the glomerular tissues, where it is one of the 

major components of the ECM of the glomerular crescent133. Fb is a ligand for the integrins 

gpIIb/IIIa on platelets and for CD1 lb/CD 18 on monocytes, neutrophils and other leuko

cytes" . 

The expression of HSP is normally restricted to the GBM. During glomerulone

phritis, the linear expression of HSP along the GBM becomes disrupted, but increases in the 

mesangium127. Some HSP support integrin-mediated adhesion136 and could as such play a 
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role in leukocyte adhesion. Most importantly, HSP can bind growth factors, such as basic 

fibroblast growth factor137, which may influence cellular activation. 

As stated above, almost all these ECM molecules are ligands for at least one ad

hesion molecule. As such they play a role in numerous interactions with leukocytes. An in

triguing molecule in this respect is FN, because of the changes in its composition during 

inflammation that directly affect its binding to integrins, some of which are expressed by 

neutrophils. 

3.4 Alternative splicing of fibronectin and its integrin ligands 

Fibronectin (FN) is a glycoprotein expressed in many tissues of the body, as well as in 

blood plasma . In the glomerulus, all three cell types produce FN, but infiltrating leuko

cytes may also contribute to the increased deposition of this ECM molecule during inflam

mation. Similar to LN, different isotypes of FN exist, owing to alternative mRNA splic-

ing'38:,39(Fig.7). 

The standard form of FN contains a cell-binding site based on the amino-acid se

quence RGD (Arginine-Glycine-Aspartate). This motif is present in numerous ECM mole

cules, and is exclusively recognized by integrins140. The RGD sequence allows adhesion of 

FN to numerous integrins, i.e. VLA-3 (cc3pi), VLA-5 (a5p,), ambp3, avpi, avp3, avp5, 

avp6
14 : and VLA-8 (a8Pi)142 {Table 2). Recent reports have shown binding of FN to 

avP8 J and cxRp3, but whether this is to the RGD sequence or not is not clear. Of these re

ceptors, at least VLA-533 and probably VLA-3"'1 and otvP345 have been reported to be ex

pressed on human neutrophils (see above). CDllb/CD18 is another integrin expressed by 

neutrophils that was reported to bind FN, but it is not clear to which region of the molecule 

(chapter II). In addition, the integrins VLA-4 (ct4Pi)'44and a4p7
145 mediate binding to FN, 

but to another binding site that is only expressed after alternative mRNA splicing (see be

low). 

Alternative mRNA splicing can lead to inclusion of two regions, ED-A and ED-B 

(EIII-A and EIII-B, respectively, in the rat), that flank the RGD sequence. Expression of 

these regions is high in embryonic tissues and is upregulated in tissue repair and in malig

nant tissues139. Inclusion of these two regions is controlled by certain cytokines such as 

TGF-P146. Also, in glomerulonephritis, the expression of ED-A and ED-B is upregulated147. 

The function of these two regions has not been completely elucidated, but both have been 

suggested to increase cellular adhesion, possibly owing to their close proximity to the RGD 

site148;l49. 
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Table 2: Receptors for Fibronectin 

Receptor 

cx3P. 
a 5 p , 

a8Pi 
avPi 
Ct|Hbp3 

a v p 3 

a v p 5 

CtvPö 

a4pi 

a 4 p 7 

CC.Mp2 

a v p 3 

CtRp3 

avp8 

Alternative name 

VLA-3 
VLA-5 
VLA-8 

VLA-4 

CD lib/CD 18 

Binding motif 

RGD 

LDV 

Unknown 

The third region that can be included after alternative mRNA splicing is called IIICS (V in 

the rat). In addition, this region contains five subunits (CS1-5), each of which is also subject 

to alternative mRNA splicing. Two of these regions mediate binding of another integrin, 

VLA-4: CS5 weakly and CS1 strongly " . The amino-acid sequence in CS1 that is bound by 

VLA-4 is LDV (Leucine-Aspartate-Valine)144. In addition, VLA-4 can also bind to the C-

terminal heparan-binding domain of FN151. The promiscuity of the integrins also holds true 

for VLA-4, which besides its many interactions with FN also binds to the adhesion molecule 

VCAM-1, present on activated endothelium'>- and also in the inflamed kidney' . Whether 

this interaction is mediated by an LDV sequence, and thus competitive with binding to FN, 

is controversial152'154. Apart from its role as a cellular ligand, the CS1 region in FN is essen

tial for the formation of the blood clot, and thus for normal hemostasis155. 

Because of its ability to provide leukocytes that express VLA-4 with an extra 

binding site in FN, the regulatory mechanisms and expression patterns of CS1 in inflam

matory disorders have been studied in numerous experimental models and in human tissues. 

Inclusion of CS1 in FN was found to be regulated by cytokines . Expression of FN-CS1 

has been found in inflamed synovial tissue of patients suffering from rheumatoid arthritis 5 , 
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in the aortic vessel wall of hypertensive rats158 and in cardiac allografts in rats159. In the kid

ney, upregulation of FN-CS1 was found in several experimental models at the protein 

level160:l61 (chapter IV) and mRNA level l61;162 in rats, suggesting that FN-CS1 is locally 

produced during inflammation. Studies on expression of FN-CS1 in the human kidney had 

not been performed prior to the studies decribed in this thesis (Chapter III). 

NH; -mmnm 
t l i f f f L L r l f !L 

| Type 

D Type 2 

Type 3 

ED-A ED-B 
IIICS 

RGD LDV 
(VLA-5) (VLA-4) 

II 
SS 

COOH 

Fig 7. Simplified model of the fibronectin molecule, consisting of type 1, 2 and type 3 repeats. Areas 
included after alternative splicing are ED-A, ED-B, and IIICS (in grey). IICS itself is subdivided in five 
regions, all subject to alternative splicing. Amino acid sequences allowing cellular adhesion are RGD 
and LDV (arrows), of which LDV is only present when alternative splicing has resulted in inclusion of 
theCSI region of IIICS. 

3.5 Anti-adhesion strategies 

Since treatment of patients with inflammatory diseases with anti-inflammatory drugs such as 

corticosteroids and cytotoxic drugs often has considerable side-effects, numerous efforts 

have been made to develop more specific therapies. The inhibition of leukocyte entry into 

the inflammatory site has been one of the obvious strategies. As the adhesion molecules 

necessary for leukocyte/endothelial interactions and transmigration were determined one by 

one, antibodies or peptides to these molecules or their ligands were developed163"165. The 

efficacy of many of these compounds was successfully shown in experimental models of 

inflammatory diseases in animals. Thus, the role of integrins, selectins and their respective 

ligands in leukocyte migration has been shown in many studies166"168. 

These inhibition studies, as well as data from knock-out mice169"171, have clarified 

to a great extent which integrins or other adhesion receptors are essential for leukocyte mi

gration in vivo. The eventual goal of treating patients with anti-adhesion therapies has so far 

been rewarded by the successful administration of inhibitors of the integrin gpIIb/IIIa on 
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platelets to reduce post-ischemic complications during coronary angioplasty172, but not 

without bleeding complications173. Also, blocking monoclonal antibodies to CD18 are cur

rently tested in patients with traumatic hemorrhagic shock48. The treatment of multiple scle

rosis with a humanized anti-a4 antibody has entered a phase II clinical trial, and small mo

lecular VLA-4 inhibitors are currently in phase I as an aerosol for treating asthma174. 

The central role of inflammatory damage in many diseases of the kidney has in

spired numerous studies on the expression of adhesion molecules in renal tissue and on the 

effects of adhesion-blocking agents on the progression of renal disease. It seems that the 

"normal" repertoire of endothelial adhesion molecules is also induced in the inflamed kid

ney, i.e. E-selectin175, P-selectin176, VCAM-1177 and ICAM-1I75;178. Thus, from the migrat

ing leukocyte's point of view, the inflamed kidney differs from other tissues mostly in its 

sub-endothelial ECM and not in the endothelial adhesion molecules that are first encoun

tered. As in other organs, the importance of leukocyte/endothelial interactions has been 

demonstrated in many studies with blocking agentsl76;l79;,8°. However, the question whether 

in addition to leukocyte adhesion to endothelium, adhesion to ECM was also blocked in 

these studies cannot easily be answered. 

3.6 Anti-adhesion strategies: the potential of VLA-4-blocking agents 

Preliminary to the studies in patients mentioned above174, the efficacy of VLA-4 inhibitors 

was shown in experimental models. Transplant rejection in rabbits181 and rats182 was suc

cessfully blocked with CS1 peptides. The development of arthritis in rats183, the contact 

hypersensitivity response184 and the induction of islet injury in diabetes, both in mice185, 

were shown to require VLA-4-mediated interactions. The allergic response, dominated by 

T-cells and eosinophils, which are both heavily dependent on VLA-4 for adhesion and mi

gration, could be blocked by antibodies or peptides in sheep186, rats187 and mice188. 

Although the expression of VLA-4 ligands in the inflamed glomerulus16'1'62 

(Chapters III & IV) suggests a role for this integrin in leukocyte influx or in the in situ be

havior of these cells, the effects of studies with VLA-4-blocking agents in renal diseases 

have been somewhat disappointing. Mulligan et al. showed that blocking antibodies to 

VLA-4 decrease neutrophil influx and proteinuria in the anti-GBM model of glomerulone

phritis in rats'89. However, others found in similar models no effect of treatment with anti-

VLA-4 antibodies or CS1 peptides (chapter IV), only a slight decrease in neutrophil influx 

but no effect on proteinuria190, or no effect on leukocyte influx, but a significant decrease in 

proteinuria and histopathological damage191. In the very different model of mercuric chlo

ride-induced GN in rats, anti-VLA-4 antibodies could prevent the disease192. The interpre-
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tation of the data from this last study was complicated by the decreased production of auto

antibodies characteristic for this disease, probably by the prevention of VLA-4-mediated B-

cell/ T-cell interactions. 

The reason for these discrepancies lies probably in differences in the experimental 

settings. It is surprising that VLA-4, in spite of the abundance of its ligands in glomerulone

phritis, would play a smaller part in mediating adhesive interactions in the kidney than in 

other organs. Nevertheless, the efficacy of VLA-4 blockers has clearly been shown in dis

eases mediated by lymphocytes and eosinophils. A possible role for VLA-4 in diseases me

diated by neutrophils and monocytes, which express relatively low amounts of VLA-4, has 

to be further investigated, but has so far not conclusively been shown. However, it may be 

that VLA-4, in concert with other (3| integrins, has an additional regulating role in mediating 

the activation of these cell types in the tissues (Chapter II). 

4. NEUTROPHIL APOPTOSIS: BORN TO DIE 

4.1 Background 

In apoptosis (programmed cell death), characteristic morphological changes prelude the 

death of the cell. Hallmarks of apoptosis include cell shrinkage, condensation of nuclear 

chromatin, fragmentation of the nucleus, DNA laddering on electrophoresis and blebbing of 

the cell surface' \ In contrast, during necrosis, which is found for instance in cells that have 

been treated with toxic drugs, cellular death is caused by swelling and rupture of the cell 

membrane. Thus, while in necrosis cellular contents are freely released to the surroundings, 

in apoptotic death the integrity of the cellular remnants is maintained194. This enables the 

phagocytic cells that recognize phosphatidyl serine residues exposed on apoptotic mem

branes to clear these apoptotic cells with minimal spilling of cellular contents. 

Under normal conditions, most cells die by apoptosis. In large-scale organized 

cell death, for instance in developing embryonical tissues or in antigen-induced proliferation 

of lymphocytes during the specific immune response, it is essential that the right cells die at 

the right time and place. Defects in apoptosis can lead to impaired embryogenesis, autoim

munity or uncontrolled proliferation and malignant transformation19^l95. 

Neutrophils are completely differentiated cells that lack the ability to proliferate. 

Enormous numbers of neutrophils are constantly produced in the bone marrow and released 

into the blood. Under normal -i.e. non-inflammatory- conditions, the total number of neu

trophils remains constant. Apart from mechanisms that control neutrophil production and 
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release, apoptosis seems to be the crucial in balancing the production to retain a normal 

neutrophil count. Also, under non-inflammatory conditions neutrophils migrate to the lu-

mina of the respiratory and gastro-intestinal tracts, "disappearing" by digestion or, maybe, 

apoptosis. As neutrophils die by apoptosis within days, either in the bone marrow or in the 

tissues, a change in the apoptotic rate could have a swift and dramatic effect on the total 

number of neutrophils in the body. 

Compared to all other leukocytes, the neutrophil's life span is remarkably short. It 

could be that the evolutional advantage of this massive turn-over lies in the ability to react 

instantly to the danger of microbial intrusion with an immediate significant rise in neutro

phil numbers, while keeping numbers relatively low at normal times. Too many neutrophils 

at times when this is not needed could pose a threat. As described above, the neutrophil's 

contents and products are highly damaging not only to microbial invaders but also to one's 

own tissues. Thus, it could be argued that more than for other leukocytes, apoptosis of neu

trophils is of extreme importance to prevent tissue damage196, and for the resolution of the 

acute inflammatory response. On the other hand, excessive apoptosis of neutrophils seems 

to play a role in causing the lack of bone marrow neutrophils characteristic of diseases such 

as cyclic neutropenia197, severe chronic neutropenia198, Shwachman syndrome199 and proba

bly others. 

As the mechanisms that control neutrophil apoptosis will be discussed below, it 

will become clear that most molecules involved in apoptosis, which have been extensively 

studied in other cell types, are with some modifications also present in neutrophils. How

ever, what sets the neutrophil apart is its specialization: its ability to produce vast amounts 

of reactive oxygen intermediates (ROI), which have been shown to increase apoptosis in 

other cells. 

4.2 Regulation of neutrophil apoptosis: All roads lead to Rome 

Death receptors, members of the TNF receptor superfamily, are transmembrane proteins 

that can, upon binding their respective ligands, pass a signal from the cell membrane that 

ultimately results in apoptosis200. Of these death receptors, Fas (CD95, Apo-1) and maybe 

the Fas-ligand are present on neutrophils, and Fas was shown to induce neutrophil apoptosis 

when bound by agonistic antibodies201. The chronic neutropenia found in certain types of 

leukemia was suggested to be caused by an increased apoptosis by high serum concentra

tions of Fas-ligand" . However, in knock-out mice, the absence of Fas or its ligand did not 

affect the apoptotic rate of neutrophils203. Apart from TNF-a and its receptor (see below), 

so far no other death receptors have been found to play a role in neutrophil apoptosis. 
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Conformational changes in the cytoplasmic region of the activated death receptor 

lead to docking of adapter molecules, followed by recruitment and proteolytic cleavage of 

pro-caspase-8204. Caspase-8, present in neutrophils205, then initiates a cascade of enzymatic 

cleavage and activation of other caspases, of which some have been shown to be active in 

neutrophils20" '°6. At the end of this cascade, anti-apoptotic proteins such as Bcl-2 family 

members (see below) are incapacitated, and nucleases are released that are responsible for 

DNA fragmentation207. Also, caspases directly destroy some cellular structures (i.e. lamins 

in the nuclear lamina)208 and cleave proteins involved in cytoskeletal regulation (i.e. gel-

solin, FAK )209. 

As caspase precursors are expressed in all living cells, caspase activation has to be 

strictly controlled. Apart from activation by death receptors, the caspase cascade can be 

induced by release of mitochondrial substances, most importantly cytochrome c l0. Al

though neutrophils are believed to contain few mitochondria, this mechanism was shown to 

play a role in neutrophil apoptosis" . 

This release of mitochondrial substances is to a large extent dependent on proteins 

of the Bcl-2 protein family, which either stabilize or disrupt the mitochondrial membrane"12. 

This family is subdivided in three groups. One of these, the Bcl-2 subfamily, promotes sur

vival whereas the other two -the Bax subfamily and the BH3-only subfamily- induce apop-

tosis. Apparently, pro-apoptotic and anti-apoptotic Bcl-2 family proteins bind one another 

strongly, thereby neutralizing their respective effects on cell survival. Also, anti-apoptotic 

Bcl-2 members may directly inhibit activation of the caspase route by molecules such as 

Apaf-1. 

Genetic studies have suggested that without a Bcl-2-like guardian, most cells read

ily die by apoptosis. Compared to other cells, neutrophils are attributed with a small amount 

of these anti-apoptotic proteins, entirely lacking Bcl-2 but expressing Mcl-1 and possibly 

Al214 and Bcl-XL
21 . In contrast, the pro-apoptotic protein Bax is strongly present in neutro

phils 213;215. This balance in the favor of pro-apoptotic proteins as well as the short half-lives 

of Al and Mcl-1 may be one of the causes for the short life-span of the neutrophil" . 

Another important role for mitochondria in apoptosis is the production of ROI, 

which presumably directly damage lipid membranes of the cell and its organelles. The in

volvement of ROI in apoptosis has been demonstrated in numerous cell types"1 . In neutro

phils, the principal source of ROI is not the mitochondria, but the NADPH-oxidase system, 

which causes the respiratory burst6. Thus, it was found in many studies that indeed the respi

ratory burst induces neutrophil apoptosis218, while apoptosis was less in neutrophils pro

tected by antioxidants or by the absence of a burst in cells from patients with CGD ' . 

The pro-apoptotic effect of various stimuli, such as phagocytosis of bacteria221 and binding 
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of immune complexes was found to be caused by the occurrence of a respiratory burst222. 

Conversely, the ROI-scavenging properties of erythrocytes decrease neutrophil apoptosis223. 

Several studies addressed the interactions between ROI and the death recep-

tor/caspase pathway. Production of ROI was found to be downregulated by caspase activa

tion" , and ROI inactivated caspases224. The FAS-mediated signal transduction pathway 

was partly dependent on ROI219. Apart from its lack of protection by anti-apoptotic Bcl-2 

proteins, it seems that the neutrophil's specialty of producing vast amounts of ROI again 

sets this cell apart from other leukocytes. These two mechanisms provide a hypothetical 

explanation for the neutrophil's high apoptotic rate and short life span. The correllation 

between the abundant intracellular presence of ROI and cell death further stresses the possi

ble biological advantage of apoptosis as protection against a too large scale release of ROI 

to surrounding tissues. 

The other specialty of the neutrophil that renders it an efficient killer cell is its high 

amount of lytic enzymes stored in the granules"1. It has been shown that other cells may die 

by apoptosis when treated with neutrophil-derived elastase and proteinase 3 225. Also, simi

lar to granzymes, the pro-apoptotic enzymes that enable cytotoxic lymphocytes to kill target 

cells, cathepsin G has been shown to activate pro-caspase-7226. However, apart from an 

early study showing increased neutrophil apoptosis after treatment with elastase (as well as 

with other proteases not derived from neutrophils)227, no studies have addressed the possible 

auto-toxic effects of the neutrophil's enzymatic arsenal. Of the cathelicidins, peptides pres

ent in neutrophils that play an important role in the innate antibacterial defense228, a cyto

toxic as well as a pro-apoptotic effect have been reported229. However, although neutrophils 

were also susceptive to cathelidin-induced cytotoxicity2'10, no studies have been performed 

on cathelicidin-induced neutrophil apoptosis. 

Although the respiratory burst leads to neutrophil apoptosis, neutrophil activation 

does not necessarily prelude cell death, since many activation signals are not powerful 

enough to induce a burst. This was shown by numerous studies showing the anti-apoptotic 

properties of the pro-inflammatory cytokines GM-CSF23I;232, G-CSF231, IFN-y23,;232, TGF-P 
233, ILl-p231, IL-2234, IL-4235, IL-6236, IL-15237, PAF236;238 and the bacterial product LPS231. 

One report claimed an anti-apoptotic effect for IL-8239, but others did not Find any effect on 

neutrophil apoptosis"31, as was the case for IL-3 and IL-13240. The anti-inflammatory cyto

kine IL-10 was found to promote neutrophil apoptosis240. 

The picture for TNF-a is more complicated. As its name implies, its cytotoxic 

properties (against tumor cells) were First recognized. More recently, the anti-apoptotic 

properties of TNF-a, by activation of the transcription factor NFKB, were seen in many 

cells241, also neutrophils231:240;242. However, the majority of studies shows a clear pro-
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apoptotic effect of TNF-a239;243'248. Few studies addressed this discrepancy (Chapter V), the 

only explanation offered so far being a time-dependent difference. In these studies, TNF-cx 

initially, during short in vitro incubations, promoted apoptosis in a subgroup of neutrophils, 

while later protecting the remaining cells238. 

In recent years, the signal transduction routes from cytokine binding to anti-

apoptosis have been the topic of many studies. These studies, recently reviewed216, have 

shown activation of PI 3-K and ERK in the anti-apoptotic signaling of GM-CSF and IL-8249. 

Inactivation of MAPkinases and ERK by TNF-a-induced apoptosis was blocked by G-

CSF" . Also, tyrosine phosphorylation in general was found to be important in anti-

apoptotic signaling of GM-CSF250 and LPS251. Elevation of intracellular [Ca2+], as seen in 

cytokine-induced neutrophil activation, also decreased apoptosis232, as did high levels of 

intracellular cAMP253. The lipid mediator ceramide plays an undefined role in apoptosis254, 

is elevated by TNF-a and was -in one study- responsible for mediating TNF's pro-apoptotic 

effect in neutrophils255. 

Next to stimulation by cytokines, adhesion can provide another way of outside-in 

signaling by which the surroundings may influence neutrophil apoptosis. It has been a long

standing observation that most cell types depend on anchorage for survival, and die by 

apoptosis (so-called "anoikis") when detached. These survival signals are mainly generated 

by binding of integrins to ECM101, and not only influence strongly anchored cells such as 

epithelium, but also the mobile leukocytes. It was found that binding through (3, integrins 

partly controls apoptosis of hematopoietic cells2"'6, T-cells237, monocytes258 and eosino

phils109. Few studies have been performed on a possible role for p, integrins in neutrophil 

apoptosis (Chapter VI). One study claimed an anti-apoptotic effect of ligation of VLA-5 and 

VLA-3 , of which the expression on neutrophils is uncertain. Others found protection 

against apoptosis when neutrophils had been incubated on LN or FN, but this effect was 

abolished by antibodies against (32 integrins, and not p, integrins260. In another study, FN 

was found to induce apoptosis in TNF-a stimulated neutrophils110. Strong evidence points 

to a pro-apoptotic involvement of p2 integrins on neutrophils, especially since neutrophil 

apoptosis is reduced in cells from CD1 lb/CD18 knock-out mice170. After earlier conflicting 

results261"263, a recent study showed that cross-linking of CD1 lb/CD18 protects neutrophils 

from apoptosis, but further induced apoptosis in cells primed by pro-apoptotic stimuli264. 

Fb, a CDllb/CD18 ligand, was found to activate neutrophils and to delay apoptosis265. 

Other adhesion receptors that were found to induce apoptosis include CD44, which after 

cross-linking of antibodies induced apoptosis in rat neutrophils266. Interestingly, unidenti

fied mechanisms protect neutrophils from apoptosis when these cells are incubated in high 

densities267 or with platelets268. 
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In general, it seems that activation, adhesion and the presence of large numbers 

of other neutrophils, platelets and erythrocytes protect neutrophils from apoptosis. This set

ting resembles the milieu in which the transmigrated neutrophil finds itself during inflam

mation: a high concentration of numerous pro-inflammatory cytokines, multiple binding 

sites on tissue cells and on an increased amount of locally produced or plasma-derived 

ECM, and numerous other blood cells such as platelets and erythrocytes. Thus, a newly 

arrived neutrophil seems ready to bide its time, engaging in the phagocytosis of opsonized 

material. However, neutrophils die quickly and are hastily cleared and replaced by a mono

nuclear infiltrate, once a point of no return has been reached: strong engagement of acti

vated (32 integrins and the subsequent induction of a respiratory burst. It is not clear whether 

the oxygen stress under these conditions is simply too high for the neutrophil to survive, or 

whether an evolutionary mechanism protects the host from oxygen damage caused by their 

own most aggressive defenders. 

5. CONCLUSIVE REMARKS AND AIM OF THIS THESIS 

The interplay between stimulation by cytokines and adhesion regulates neutrophil migra

tion, activation (i.e. degranulation and respiratory burst) and apoptosis. On a larger scale, 

this interplay influences the course of the neutrophil-mediated acute inflammatory response, 

because it determines its location, timing, duration and vehemence. These parameters in 

turn predict the amount of tissue damage inflicted, and thus the chances for complete recov

ery once inflammation has subsided. 

Although much work has been performed on neutrophil activation and adhesion, 

many question marks and controversies remain to be solved. In this thesis, we addressed 

several of these issues. 

In Chapter II, expression and function of (3| integrins and cross-talk between pi 

integrins and p2 integrins on neutrophils has been studied. In Chapter III , expression of 

ligands for the Pi integrin VLA-4, as well as the presence of VLA-4-positive cells, is shown 

in renal tissue from patients with glomerulonephritis. In Chapter IV, similar results are 

shown in renal tissue from rats with an experimental glomerulonephritis. Also, the effects of 

in vivo treatment with VLA-4 blockers on this neutrophil- and monocyte-induced glomeru

lonephritis are assessed. Chapter V offers an explanation for the controversial reports on 

the effects of TNF-cc on neutrophil apoptosis, and the regulation of this process by adhesion 

and the occurrence of a respiratory burst. Chapter VI again addresses the role of P[ inte-
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grins in neutrophil biology by studying the effects of activation of p , integrins on neutrophil 

apoptosis. Finally, in Chapter VII, the efficacy of a PAF-antagonist in blocking various 

PAF-mediated neutrophil responses -including apoptosis- was tested in vitro. In Chapter 

VIII, the Findings described in these six chapters are summarized and discussed. 
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