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Chapter VIII 

Summary and Discussion 

Neutrophils are leukocytes that are able to mount a swift, massive response to an 

inflammatory insult. They are highly specialized in destroying invading micro-organisms. 

Upon activation, granule-stored lytic enzymes are released in the phagosome that contains 

ingested pathogens, and vast amounts of reactive oxygen intermediates (ROI) are produced. 

However, while these aggressive components render bacteria harmless, they are also 

instrumental in the damage found in severely or chronically inflamed tissues. 

Some well-charcterized infectious syndromes defined by a decreased function of 

neutrophils (e.g. CGD, LAD-1). Patients with these diseases suffer from severe, chronic 

and sometimes incapacitating infections. On the other hand, unwanted side-effects of 

neutrophil activity are seen in many inflammatory diseases as tissues are not always able to 

recover from the collateral damage caused by the neutrophil's powerful arsenal. Therefore, 

it is essential that neutrophils can do their work, but are kept in check to minimize side-

effects. 

Important mechanisms that control neutrophil behavior are reviewed in Chapter 1. 

Increased understanding of these regulatory mechanisms may contribute to optimize the 

treatment of patients with diseases characterized by excessive or insufficient neutrophil 

activity. Also, drugs may be designed that specifically target one of these pathways, which 

would reduce side-effects now seen in immuno-suppressive therapies. 

In the past, many of the chemokines that lure neutrophils to the inflammatory site 

have been identified and the adhesion molecules that allow neutrophils to adhere to the 

vessel wall have been characterized. However, much work remains to be done on what 

happens after transmigration. There, a meshwork of extracellular matrix (ECM) proteins, 

different types of tissue cells, other migrated leukocytes, platelets and resident macrophages 

sets the stage for the neutrophil's final act. For now, it is extremely difficult to mimic the 

complexity of this three-dimensional structure in vitro, but one can study reactions of 

neutrophils on impacts from outside separately or in simple combinations in the test tube 

and thus hypothesize on what actually happens in vivo. 

The interplay between adhesion and activation seems to be of extreme importance 

in determining how the neutrophil meets its end. Where does it go, and where does it stop? 

Will a respiratory burst take place and, if so, how powerful and damaging will that be? And 

finally, when, where and how will it die? As was explained in Chapter I, activation of 

neutrophils is to a large extent controled by cytokines and bacterial products. In addition, 

neutrophil activation influences its ability to bind ECM ("inside-out signaling"), but 

adhesion increases its state of activation (outside-in signaling). 
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Summary and Discussion 

Anti-adhesion strategies have been studied extensively in animal models, and are 

now increasingly applied in patients, although so far mostly in clinical trials1"3. Also, drugs 

that target just one cytokine, such as PAF and TNF-a, are applied or tested for their 

immune-suppressive properties in inflammatory and infectious diseases'^5. While some of 

these strategies are specifically meant to temper neutrophil-mediated responses, others are 

not, but might as a side-effect influence neutrophil functions. Therefore, it seems important 

that activation and adhesion of neutrophils is further studied. In this thesis, several of the 

many open questions that remain on neutrophil adhesion and activation are addressed. 

Until recently, the widely held consensus was that P, integrins, important adhesion 

molecules in most cells, including all other leukocytes, were not expressed on neutrophils. 

It was thought that expression of (3, integrins was lost during differentiation of neutrophils 

from myelocytic progenitors in the bone marrow. Although early studies did show 

expression of some Pi integrins on neutrophils, a significant role for these receptors was 

dismissed because of low expression or inconclusive results in adhesion assays. In other 

leukocytes, Pi integrins have been identified as adhesion receptors for many ECM proteins 

and have been shown to play a role in important cellular responses (e.g. apoptosis). By 

now, an increasing number of studies have pointed to a role for Pi integrins in neutrophils 

as well. Also, in knock-out mice deficient in p2 integrins6 as well as LAD-1 patients7 some 

transmigration of neutrophils was seen that had to be mediated by other adhesion receptors, 

possibly by the remaining Pi integrins. 

In Chapter II, expression of the Pi integrins VLA-4, VLA-5 and VLA-9 by 

neutrophils is described, in contrast to earlier reports. Other Pi integrins that were found on 

neutrophils by other investigators (VLA-2, VLA-3 and VLA-6) could not be shown in this 

study. These remarkable differences could be explained by the loss of membrane-bound 

molecules or damage to epitopes during purification of neutrophils. Contamination with 

cytokines or bacterial products (e.g. LPS) of media used during isolation provides another 

possible explanation for the reported differences, but in contrast to others we never found 

that expression of Pi integrins could be induced by various stimuli prior to or after isolation 

under stringently controlled conditions (not shown). However, Werr et al. have recently 

claimed to see upregulation of various Pi integrins after transmigration ' . This very 

specific mechanism of upregulation may relate to an early report suggesting VLA-5 and 

VLA-6 in specific granules in neutrophils by immuno EM. Although the exact mechanisms 

underlying this phenomenon remain to be determined, it could explain differences between 

the conflicting studies and between individual neutrophil donors. 

Similar to other leukocytes, the proposed role for P! integrins on neutrophils would 

be the binding of ECM ligands after transmigration has taken place. There, adhesive 
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interactions could play a role in neutrophil migration through the ECM or, by outside-in 

signaling, in neutrophil activation. Indeed, we found that activation of p, integrins by mAb 

that bind p, activation epitopes induced binding of neutrophils to a p, ligand, the ECM 

component fibronectin (FN), but surprisingly also to fibrinogen (Fb), a ligand for the p2 

integrin CD lib/CD 18. 

It is not clear why p, integrins are not able to sustain neutrophil adhesion to FN. 

Low expression levels provide one explanation, but it could also be that initial ligand 

binding by p, integrins is immediately followed by inside-out signaling leading to de

activation of the integrins to enable the neutrophil to move on. This is, however, purely 

hypothetical, especially since not much is known on the physiological stimuli that lead to p, 

integrin activation in neutrophils in vivo. To our surprise, we found that activation of p, 

integrins led to binding to FN via engagement of CD1 lb/CD 18, a p2 integrin. 

This is, to our knowledge, the second of just two reports of cross-talk between 

integrin receptors in neutrophils. Independently, another group also found p2 integrin-

engagement after cross-linking of VLA-4 on myelocytic cells and neutrophils10. In our 

study, we found that p2 integrin-mediated binding to FN, as well as activation of 

CDllb/CD18, was prevented when signal transduction routes involving PI3-kinase or 

intracellular Ca2+ had been inhibited. It is not clear which signals induce cross-talk from p, 

integrins to p2 integrins in vivo, but presumably p, integrin-mediated adhesion is necessary. 

The biological advantage of this mechanism could be that the presence of p, 

ligands, in combination with p, integrin-activating stimuli, is translated into a signal to p2 

integrins, which are able to facilitate several neutrophil responses that cannot be induced by 

engagement of p, integrins alone. On the other hand, activation of p, integrins could have 

many effects on neutrophils (see below), of which activation of p2 integrins is just one. 

However, these findings suggest that apart from the all-important CD1 lb/CD 18, other 

adhesion receptors can modulate neutrophil responses to adhesion ligands. These receptors, 

as well as their ECM ligands, thus may modulate neutrophil-mediated inflammation. 

In glomerulonephritis, inflamed glomeruli can be completely destroyed, which can 

lead to renal insufficiency. This destruction is characterized by massive deposition of ECM 

components, mainly FN. It has been shown that glomeruli are particularly vulnerable to 

damage caused by lytic enzymes and ROI from infiltrated neutrophils. Adhesive 

interactions between leukocytes and an altered ECM could play a role in supporting 

leukocyte influx, induce activation and a respiratory burst in neutrophils and influence 

apoptotic rates of infiltrated cells. 

In Chapter III, expression of VLA-4 -a pi integrin expressed on neutrophils and 

other leukocytes- and its ligands was studied in renal tissue from patients with various types 
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of glomerulonephritis. In most inflamed tissue sections, large numbers of VLA-4-positive 

cells were found, presumably infiltrated leukocytes. During inflammation, the VLA-4 

ligand VCAM-1 was expressed on endothelial cells, in interstitial areas and in sclerotic 

crescents in damaged glomeruli. The splice variant of fibronectin (FN) that contains the 

CS1 domain was also found to be upregulated in inflamed glomeruli, mainly on podocytes 

but also in crescents. Standard FN is a ligand for VLA-5, which is expressed on neutrophils 

and other leukocytes, but inclusion of the CS1 domain in FN allows adhesion to VLA-4. It 

is upregulated in inflamed tissues from experimental animals but, most notably, is 

expressed on endothelium in inflamed synovium from patients with rheumatoid arthritis". 

In contrast to this study, we did not find expression of FN-CS1 on endothelial cells in the 

glomerulus. Thus, in glomerulonephritis, in contrast to rheumatoid arthritis, a role for FN-

CS1 as a vascular adhesion ligand for VLA-4 is improbable. 

However, the increased expression of FN-CS1 and VCAM-1 in the inflamed 

human kidney, found together with large numbers of infiltrated VLA-4-positive cells, 

suggests an important role for VLA-4-mediated leukocyte adhesion in these diseases. First, 

adhesion to endothelial VCAM-1 could provide a ligand for leukocyte-endothelial adhesion 

preceding transmigration. Next, migration through ECM, mesangial or interstitial, could be 

influenced by the presence of VLA-4 ligands. Also, leukocyte activation and apoptosis 

might be induced or reduced by outside-in signaling via VLA-4 engagement. In addition, 

VCAM-1 is also bound by VLA-9 on neutrophils'2, which might contribute in a similar 

fashion to neutrophil migration, cell activation and apoptosis. 

The hypothesis that VLA-4-mediated interactions play a role in glomerulonephritis 

was put to the test in Chapter IV. Glomerulonephritis was induced in rats by injecting 

antibodies directed to the glomerular basement membrane. A mild inflammatory response 

resulted, characterized by influx of neutrophils and monocytes, proteinuria but no 

microscopical signs of tissue scarring. As in human kidney, expression of VLA-4, VCAM-

1 and FN-CS1 was induced or increased in inflamed renal tissue in rats. To test whether 

influx of neutrophils and proteinuria -correlating with neutrophil-mediated tissue damage-

are dependent on VLA-4-mediated adhesion, the rats were treated with VLA-4-blocking 

mAbs or small peptides blocking VLA-4 binding to FN-CS1. 

These two treatments did not have any effect on leukocyte numbers or proteinuria 

in this model. This could mean that VLA-4-mediated interactions are not of importance in 

this type of experimental glomerulonephritis. Maybe, redundancy of adhesion receptors on 

infiltrating neutrophils and monocytes masks subtle effects of VLA-4 inhibition, which 

would become apparent if other integrins such as CD1 lb/CD 18 would be blocked. More 

likely, VLA-4 inhibition could be beneficial in renal diseases strictly mediated by 

lymphocytes, which are more dependent on VLA-4 for (trans)-migration. On the other 
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hand, it cannot be excluded that the administration of CS1-blocking peptides and mAbs was 

not sufficient, although the agents used at lower concentration or dosing had proved to be 

effective in the hands of others'"'14. For the moment, it seems that VLA-4-mediated 

interactions are not of great importance in the types of glomerulonephritis that are 

dominated by neutrophils and monocytes. 

In Chapter V an explanation is offered for the long-standing controversy on the 

effect of TNF-a on neutrophil apoptosis. Some studies have described a pro-apoptotic 

effect of TNF-a, whereas others have claimed an anti-apoptotic effect. We found that TNF-

a at low concentrations strongly decreased apoptosis of neutrophils. However, at higher 

concentrations, TNF-a lost its protective effects, and also reversed the protective effects of 

IFN-y and GM-CSF. This "pro-apoptotic" effect of TNF-a was dependent on adhesion as it 

was blocked by anti-CDllb mAbs. The pro-apoptotic effect that is seen when neutrophils 

are treated with a high dose of TNF-a is absent in neutrophils from patients with chronic 

granulomatous disease, which cannot produce ROI. Under these circumstances, we found 

that TNF-a retained its anti-apoptotic effects even at high concentrations. Hence, the 

contradictory findings reported in the past could be related to differences in TNF-a 

concentrations, differences in base-line activation of neutrophils owing to isolation 

techniques or contamination with for instance LPS, or differences in possibilities for 

neutrophils to engage in CD 1 lb/CD 18-mediated adhesion. 

Thus, we propose that in vivo, transmigrated neutrophils are kept alive by 

numerous pro-inflammatory cytokines, including TNF-a. However, strong activation by 

high doses of TNF-a or combinations of cytokines results in a respiratory burst, which is 

dependent on adhesive interactions of the neutrophils to ECM or neighboring cells, 

mediated by CDllb/CD18. It may be that the amount of oxygen stress is simply too high 

for the neutrophil to survive. Otherwise, apoptosis induced by the respiratory burst could 

have developed as a protective mechanism against irreversible oxygen damage to inflamed 

tissues. Thus, treatment of inflammatory disorders with anti-TNF-a or blockers of 

CD1 lb/CD 18 could have strong effects on the persistence and activity of infiltrated 

neutrophils. 

Chapter VI again addresses the role of integrin-mediated adhesion in neutrophil 

apoptosis. It was found that activation of Pi integrins by mAbs totally abolishes anti-

apoptotic effects of pro-inflammatory cytokines, while "spontaneous" apoptosis in vitro 

was not affected. This effect was not related to cross-talk of Pi integrins to p2 integrins or 

with the induction of a respiratory burst, but could be prevented when the caspase pathway 

was inhibited. Signaling through Pi integrins through as yet unidentified physiological 

substances provides another integrin-mediated pathway influencing neutrophil apoptotic 
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rates. In most cells, including other leukocytes, signaling though P, integrins passes 

survival signals to the cells. However, recently it was found that engagement of 

alternatively spliced pic integrins slows down the cell cycle in cultured cells15. Also, a 

novel signaling protein has been described that combines a "death domain" with a P, 

integrin-binding segment, coupling P, integrin signaling to a pro-apoptotic pathway16. 

Although it is not clear which signaling pathway is induced by Pi integrin engagement in 

neutrophils, the data presented in Chapter VI suggest that the abundance of Pt integrin 

ligands found in inflamed ECM could play a role in influencing neutrophil survival rates. 

Finally, in Chapter VII, the efficacy of a platelet-activating factor (PAF)-

antagonist in blocking various PAF-mediated neutrophil responses -including apoptosis-

was tested in vitro. PAF is a key agent in the pathogenesis of inflammatory diseases as it 

activates neutrophils. For that reason, various inhibitors of PAF and the PAF-receptor have 

been designed to use as anti-inflammatory drugs. PAF-acetyl-hydrolase is an enzyme that 

in vivo degrades PAF in blood and extracellular fluids. 

PAF-AH prevented PAF-induced chemotaxis and activation of neutrophils in 

vitro. Also, PAF-AH prevented apoptosis of neutrophils. As exogenous PAF did not 

influence neutrophil apoptosis, PAF-AH probably degraded PAF, or PAF-like substances, 

produced by the neutrophils themselves. Unlike TNF-a, which induces apoptosis by 

activating the respiratory burst, PAF-AH also protected neutrophils from CGD patients, 

suggesting that PAF-induced apoptosis does not require ROI, although PAF can prime a 

burst induced by endogenous TNF-a. It is remarkable that PAF, apart from high-dose TNF-

cc, is the only pro-inflammatory stimulus known so far to enhance apoptosis. Whether 

prolonged neutrophil survival in inflammatory disorders is beneficial or not is unclear, but 

the good anti-inflammatory results of PAF-AH in experimental models in animals suggests 

that it is not too harmful. 

In conclusion, adhesion and activation of neutrophils are important in neutrophil-

endothelial interactions and transmigration, but also in deciding what happens after 

transmigration. The Pi and p2 integrin adhesion receptors on neutrophils allow the cells to 

bind ECM ligands, to migrate within the ECM, and pass signals to the interior of the cells. 

The composition of the ECM in inflamed tissues, by outside-in signaling through integrins, 

influences neutrophil behavior, and is in its turn influenced by the release of neutrophil 

products. Expression of integrins on neutrophils, the presence of certain ECM ligands and 

inflammatory cytokines or bacterial products decide whether neutrophils become activated 

or die by apoptosis. Neutrophil migration, activation and production of ROI are 

mechanisms that allow the body to mount an inflammatory response. Apoptosis of 
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neutrophils and subsequent removal of intact dead cells warrants a safe and limited 

response. 
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