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General discussion 
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In the present thesis, we describe the phenomenology and mechanisms of neutrophil 

cell death (figure 1). One of the important questions that remain is: why do neutrophils have 

such a short life-span, which process guides them towards inevitable apoptosis? Apparently, 

Bax subcellular redistribution and the subsequent mitochondrial dysfunction greatly 

contribute to neutrophil spontaneous apoptosis, but the upstream cause of these events is as 

yet obscure. The latter issue is relevant not only for neutrophils, but also for other cell types, 

because in a number of death-inducing circumstances, such as for instance serum starvation, 

growth factor withdrawal or UV irradiation, cell death is mediated through the intrinsic 

pathway of apoptosis, which includes Bax/Bak-induced mitochondrial leakage. Formally, 

death-by-neglect of lymphocytes during their development or a decline of the immune 

response looks similar to neutrophil spontaneous apoptosis. Lymphocytes, once they have 

become unable by whatever reason to carry out the biosynthesic reactions that maintain the 

trophic state of the cell, enter apoptosis [1]. The capacity of the mitochondrial metabolism 

declines, and deregulation of the intracellular redox state occurs. This situation resembles the 

"normal" state of mature neutrophils, with only limited mitochondrial metabolic activity but 

probably with the preserved ability to generate ROS in the remaining respiratory complexes. 

Interestingly, "neglected" lymphocytes lose the expression of the glucose transporter, which 

further deteriorates their energy supply [2]. In neutrophils, failure of glucose transport due to 

either a genetic defect (in GSDlb patients) or pharmacological inhibition of the transporter 

leads to premature apoptosis [see Chapter VII]. Both cell types employ pro-apoptotic Bcl-2 

homologues, such as Bax and Bak, to start the intrinsic death pathway. Following the 

Bax/Bak targeting of the mitochondria, the release of mitochondrial proapoptotic constituents 

and subsequent activation of caspases through the formation of an apoptosome and 

Smac/DIABLO- and Omi/HtrA2-mediated deactivation of lAPs ensures rapid apoptosis of 

cells after the mitochondrial disruption. In fact, one may say that lymphocytes are more tuned 

to death than to survival, at least during their development and differentiation, when 90-95% 

of these cells die [3]. However, in contrast to neutrophils, not all lymphocytes are 

"neglected". Some do survive and can live for decades, as, for example, memory cells. 

To be selected to live, lymphocytes need an external signal, which, apparently, starts a 

process that remodels the apoptotic machinery in a way that allows survival. This complex 

process is finalized by an alteration in the ratio (qualitative and/or quantitative) between pro-

and anti-apoptotic Bcl-2 homologues towards the latter. Upregulated Bcl-2 and Bcl-xL 

proteins antagonize their pro-apoptotic counterparts, which stabilizes the mitochondria and 
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Figure 1. Schematic representation of the neutrophil cell death pathways. During neutrophil senescence in 

culture, Bax and Bid are triggered to relocate to the mitochondria, thus disturbing the integrity of the outer 

mitochondrial membrane. This liberates pro-apoptotic constituents from the mitochondria into the cytosol, where 

caspase activation starts. The activity of caspase-3 and other executioner caspases destroys intracellular targets, and 

the cells loose their functions and obtain an apoptotic phenotype. This is the intrinsic pathway of apoptosis that can 

be blocked by G-CSF through the interruption of the Bid/Bax targeting to the mitochondria and subsequent caspase 

activation. The inhibition of Bax relocalization depends on de novo synthesized protein(s) and can be blocked by 

cycloheximide (CHX), whereas Bid changes are prevented more directly. zVAD blocks apoptosis downstream of 

the mitochondria, directly inhibiting caspases. The extrinsic pathway of neutrophil apoptosis is mediated by for 

instance TNF-a. Binding of TNF-a to its receptor leads to the assembly of the DISC (death-inducing signaling 

complex) that recruits and activates caspase-8. Caspase-8 in turn activates caspase-3 and amplifies the 

mitochondrial (intrinsic) route by activating Bid. Both intrinsic and extrinsic pathways of neutrophil apoptosis are 

caspase-dependent. Under conditions of caspase blocking, TNF-a signaling reveals a caspase-independent route of 

neutrophil cell death. This mechanism of cell death is mediated by mitochondria-derived reactive oxygen species 

(ROS) and requires intramitochondrial serine protease activity of Omi/HtrA2 that can be blocked by the specific 

Omi inhibitor ucf-101. 
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increases the apoptotic threshold [1, 3]. The neutrophils, obviously, lack such a system. 

During neutrophil maturation, Bcl-2 and Bcl-xL become downregulated [see Chapter I]. Mcl-

1, an anti-apoptotic Blc-2 homologue expressed in neutrophils, is a protein with a short half-

life, which is rapidly degraded. In contrast, Bax and Bak are the highly expressed and stable 

proteins that switch the apoptotic "rheostat" in neutrophils towards cell death. On the other 

hand, an outside impact may induce a change, and under inflammatory conditions the 

neutrophils survive longer. Apparently, the prolongation of their lifespan results from a 

certain balance provided by a complex network of pro-survival and pro-death proteins. This 

balance is switched to survival during inflammation. 

However, one may notice that, despite all "efforts" of phlogistic surroundings, neutrophil 

apoptosis is delayed but not blocked completely, as happens for instance in the memory 

lymphocytes. What is it all about then? It is important to realize that the short-life span does 

not rule out the important role played by neutrophils. In recent years, it has been demonstrated 

that neutrophils are not merely a "brutal guard" but somewhat "smart" cells, which participate 

in the regulation of inflammation. These cells are able to generate various inflammatory and 

immune mediators that have a significant impact on the initiation and evolution of 

inflammatory reactions. These mediators include for instance IL-ip and IL-12, and a wide 

spectrum of chemokines such as IL-8 and macrophage-inflammatory protein (Mip) [4]. These 

agents are either prestored inside the cells before the onset of the inflammatory reaction or 

newly synthesized during neutrophil functioning. Although neutrophils are believed to have 

only a limited protein synthetic capacity, even a small contribution by a significant number of 

neutrophils infiltrating the inflammatory loci may pronouncedly influence the outcome of the 

inflammatory reactions. Since apoptosis and survival are accompanied by deterioration or 

preservation of cell functions, respectively, fluctuations in neutrophil survival time (i.e. with 

active functioning) may provide an important contribution to the course of inflammation. 

These speculations suggest that there is a circumstantial link between apoptosis and 

inflammation. As was discussed in the Introduction (see Chapter I), also a mechanistic 

connection between the two processes is very likely to exist. It is remarkable that pathogens 

themselves are capable of modulating the life span of immune cells. This is realized, for 

instance, through changes in gene expression. Several studies have investigated global gene 

expression profiles in neutrophils after phagocytosis. Reportedly, the neutrophils undergo a 

"pro-apoptotic" shift in gene expression with up-regulation of genes encoding pro-apoptotic 
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factors and down-regulation of genes encoding anti-apoptotic proteins [5-7]. This concept 

could be attractive, but this type of data leaves a big gap between gene expression and known 

protein function, and neutrophils hardly require new proteins for apoptosis, since everything 

is already there. Perhaps, a more realistic view is related to a modulation of preexisting 

pathways. In this respect, the most intriguing link between innate immune responses and 

apoptosis seems to be made by Toll-like receptors (TLRs), which signal for the presence of 

microbes [8]. For example, in a monocyte cell line, engagement of TLR2 by bacterial 

lipoproteins leads to both activation of NF-KB and recruitment of Fas-associated death 

domain protein and caspase-8 [9]. The latter may switch on the extrinsic pathway of 

apoptosis. The role of TLRs in the regulation of the neutrophil life span is not clear, although 

several reports have suggested that TLR2 and TLR4-mediated signaling may increase 

neutrophil survival [10, 11]. 

Another line of thinking about the cross-talk between apoptosis and immune responses is 

derived from the comparison of mechanisms of maturation of some cytokines and apoptosis. 

Both processes require activation of caspases, although different sets of these enzymes are 

involved. The inflammasome and the apoptosome comprise important intracellular protein 

platforms, supporting generation of IL-lp during inflammation and activating caspase-9 in the 

intrinsic apoptotic pathway, respectively [12, 13]. These mechanisms include a number of 

adaptor proteins that facilitate activation of caspases. Recent data have suggested that 

oligomerization is a "unifying theme" for the activation of both apoptosis initiator and 

inflammatory caspases, and the adaptor protein platforms help to bring caspase molecules into 

close proximity to each other and to maintain their active conformation [14]. Thus, caspase 

activation could be considered as a kind of innate immune response to microbial pathogens, 

which joins apoptosis and cytokine production. 

Chapters VII and VIII touch on the issue of a possible role of enhanced apoptosis in the 

pathogenesis of neutropenias. The two considered diseases - glycogen storage disease type lb 

(GSDlb) and Barth syndrome (BTHS) - are both accompanied by neutropenia. Also, in both 

pathologies circulating neutrophils pronouncedly bind Annexin-V. Such a finding is usually 

considered as being a sign of early apoptosis. However, the nature of the increased Annexin-

V labelling appears to be different in each case. In GSDlb, Annexin-V+ neutrophils 

additionally display other markers of apoptosis (i.e., apoptotic morphology, mitochondrial 

clustering, increased caspase activity) and a functional demise. This suggests that these cells 
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are truly apoptotic and that premature apoptosis may contribute to neutropenia in GSDlb. In 

contrast, neutrophils from patients with BTHS, although Annexin-V", are devoid of any other 

tested apoptotic feature, and function normally. Hence, in BTHS, Annexin-V binding does not 

indicate the apoptotic state of the cells. Taken together, these data imply a warning that should 

be kept in mind when interpreting a single parameter-based measurement of apoptosis. To 

avoid misleading results, a combination of several approaches may be required. Our results 

also demonstrate a pathogenetic diversity of neutropenias, in which enhanced apoptosis is not 

a universal mechanism, and each entity results from a particular misbalance between cell 

proliferation, differentiation and death. 

In conclusion, our work has outlined a number of special features related to neutrophil 

apoptosis. Neutrophils are programmed to spontaneously and rapidly die without external 

stimulation. The mechanism of that program remains as yet unknown. Perhaps, some 

contribution is made by neutrophil mitochondria, which are quite different in comparison to 

other cell types [see Chapter V]. The relative cytochrome c deficiency may create an unusual 

electron flow in the mitochondria, contributing to the accumulation of ROS. Redox changes 

may destabilize intracellular signaling systems and alter intracellular molecules that may 

cause a general shift towards cell death. It is difficult to point out a single factor as the most 

important one for neutrophil apoptosis. Obviously, a combination of those factors (peculiar 

mitochondria, constitutive absence of the "major" anti-apoptotic Bcl-2 homologues but a high 

expression of the pro-apoptotic ones, a lowered threshold for cytochrome c requirement in the 

mitochondrial pathway of apoptosis, and a prebuilt apoptotic machinery that does not require 

de-novo synthesized proteins to propagate apoptosis) generates a death-prone phenotype of 

cell. These specific features could perhaps be used as possible neutrophil-specific targets in a 

search for pharmacological intervention to govern neutrophil-mediated reactions. These cells 

are involved in the pathogenesis of serious diseases, and selective elimination of neutrophils 

would be beneficial under some circumstances. 
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