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Summary and discussion 

 

In this thesis, the various roles of mitochondria in neutrophil apoptosis are discussed. Neutrophil mitochondria main-

tain ∆ψm, but do not contribute significantly to the cellular energy homeostasis. As demonstrated in chapter 2, only 

complex III of the respiratory chain complexes contributed significantly to ∆ψm in neutrophils. However, complex III 

displayed a severely reduced cytochrome c reductase activity. It appeared that complex III mainly received its elec-

trons from the glycerol-3-phosphate shuttle via the glycolysis, instead of receiving them from complexes I and II. 

Thus, complex III functions to maintain the high rate of glycolysis required for neutrophil functions. Respiratory su-

percomplexes, required for efficient electron transfer, were almost absent in neutrophils. As a consequence, complex 

III in neutrophil mitochondria does not transfer electrons to complex IV via the reduction of cytochrome c, but rather 

transfers these electrons directly to molecular oxygen, producing mROS (chapter 3).  

The consequences of mROS production in neutrophil mitochondria are further discussed in chapter 3. From 

studies with the mitochondria-targeted ROS scavenger MitoQ, it became apparent that mROS do not contribute to 

neutrophil apoptosis as such, but are essential signaling intermediates in neutrophil survival. TNF-α, a potent sur-

vival factor for neutrophils, induced a strong production of mROS. The pro-survival effect of TNF-α depends on 

mROS production, as indicated by the fact that MitoQ almost completely cancelled this effect. These findings may 

have important implications for inflammatory pathologies, wherein neutrophils, with a TNF-α-induced extended life-

span, damage healthy tissue. Treating patients with mitochondria targeted-ROS scavengers may alleviate the inflam-

matory conditions by re-inducing neutrophil apoptosis. Thus, neutrophil mitochondria may represent attractive thera-

peutic targets. 

 Patients with the mitochondrial disorder BTHS often suffer from neutropenia. In chapter 4 we demonstrate 

an inverse linear correlation between annexin-V binding to the neutrophils in BTHS patients and the number of cir-

culating neutrophils. This indicates that BTHS neutrophils might display PS in the absence of apoptosis and hence 

are prone for premature clearance from the circulation. Mitochondria in BTHS neutrophils display a reduced ∆ψm, 

irrespective of the cell count. As a consequence, the cells produce more lactate and more mROS. We hypothesize 

that the reduction in ∆ψm reduces the ability of the mitochondria to function as buffers for Ca2+ when it leaks from 

the ER. Increased cytosolic Ca2+ levels in combination with increased mROS in BTHS neutrophils may inhibit the 

activity of the phospholipid flippase, which transports PS from the outer leaflet of the plasma membrane to the inner 

leaflet, while activating the scramblase, which randomly distributes the phospholipids. The ratio of scramblase activ-

ity over flippase activity is higher in neutrophils than in PBMC (chapter 4). Therefore, this hypothesis might explain 

why only the neutrophils are affected in BTHS. In addition, this hypothesis suggests another important function for 

mitochondria in neutrophils, i.e. as Ca2+ buffers. 

During apoptosis, ∆ψm is lost (chapter 5). However, loss of ∆ψm alone did not trigger or accelerate apoptosis 

(chapter 3). G-CSF delayed neutrophil apoptosis but only slightly delayed the loss of ∆ψm. In chapters 5 and 6 we 

investigated the mechanisms by which G-CSF delays neutrophil apoptosis at several levels. G-CSF did not affect any 

of the apoptotic events upstream of mitochondrial acceleration, such as caspase-8 activation, Bid cleavage and Bax 

translocation. Even the release of pro-apoptotic proteins (i.e. Smac) was not prevented by G-CSF. However, G-CSF 

did prevent the activation of caspases-9 and -3, downstream from the mitochondria. We discovered that G-CSF pre-
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vents the influx of extracellular Ca2+ during neutrophil apoptosis and hence the activation of calpains, Ca2+-activated 

cysteine proteases. Calpains are responsible for the degradation of XIAP, and hence for the activation of caspases-9 

and -3 (chapter 5). In addition, G-CSF increased the expression of calpastatin, the endogenous inhibitor of calpains, 

both at the mRNA as well as at the protein level (chapter 6). Thus, the regulation of Ca2+ homeostasis represents an 

important checkpoint in neutrophil apoptosis. 

This function was further investigated in chapter 7. The focus of this chapter is on the anti-apoptotic Bcl-2 

family member Bfl-1. Expression of mRNA for this protein was enhanced by G-CSF and very high in resting neutro-

phils, while the expression remained stable during apoptosis. However, at the protein level, Bfl-1 was only expressed 

during the later stages of spontaneous apoptosis in a fraction that contained both the ER and the mitochondria. G-

CSF did not induce the protein expression of Bfl-1, but only delayed its degradation by calpains. It appeared that Bfl-

1 expression was translationally controlled and that a pro-apoptotic stimulus was required to trigger Bfl-1 translation. 

On isolated organelles, Bfl-1 expression on an ER/mitochondria double-positive fraction could only be induced by 

activating caspases. Thus, Bfl-1 seems to act as a stress-response protein in neutrophils and, because of its spatial and 

temporal localization, does not prevent the activation and translocation of Bax or the formation of the permeability 

transition pore (PTP). Interestingly, separation of the mitochondria and the ER only seemed to occur after Bfl-1 had 

been degraded, while stabilization of this protein delayed this separation. These results suggest that the separation of 

these organelles may also represent an important checkpoint in neutrophil apoptosis, and that Bfl-1 may be involved 

in the inhibition of this process. In theory, mitochondria loose part of their Ca2+-buffering capacity after separation 

from the ER, since Ca2+ is thought to be transferred between these organelles through direct interactions, thus Ca2+-

induced stress on the cell increases after separation of the mitochondria from the ER. In addition, Ca2+ appeared to 

play an important role in the loss of ∆ψm during apoptosis, while early caspase activation appeared to be essential for 

the rise in intracellular Ca2+ during neutrophil apoptosis. However, the exact mechanism by which Ca2+ influx in 

neutrophils is triggered during apoptosis remains to be determined. 

In conclusion, neutrophil mitochondria control the life-span of neutrophils at several levels. Not mere bags of 

toxic proteins, these organelles have a dynamic role in neutrophil survival and death. A particularly important aspect 

of neutrophil mitochondria seems to be their function as Ca2+ buffers. Although reducing ∆ψm with inhibitors or un-

couplers does not accelerate normal neutrophil apoptosis, because caspase activation or formation of the PTP is not 

accelerated either, loss of ∆ψm in the presence of active initiator caspases would probably be detrimental for the cell. 

Also, in the absence of ∆ψm neutrophils would be less likely to survive in a pro-inflammatory environment, when 

their services are needed most. 

 

Prospective 

Many questions, concerning the process of apoptosis in general and apoptosis in neutrophils in particular, remain 

unanswered. For example, the functional role of the pro-apoptotic proteins concealed within the mitochondria, such 

as Smac, Omi and AIF, has hardly been investigated. It is becoming increasingly clear that such proteins have a role 

outside apoptosis, but the nature of this role is still elusive 1. A similar problem exists with the Bcl-2 family of pro-

teins. Over-expression of these proteins either inhibits or enhances apoptosis, but under physiological conditions 

these proteins may play completely different roles, for example in lipid transport, membrane reorganization or Ca2+ 
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homeostasis 2-4. Neutrophils do not express Bcl-2, but several members of the Bcl-2 family certainly play a role in 

their apoptosis. Most prominent amongst these proteins in neutrophils are Mcl-1 and Bfl-1. The main function of 

Mcl-1 in neutrophils seems to be inhibition of Bax translocation 5, but this thesis has demonstrated that the role of 

Bfl-1 in the apoptotic process is far from obvious. The function of Bax itself is also not directly clear. This protein is 

a main contributor to the formation of the PTP. However, it may also be involved in the normal dynamics of mito-

chondrial fusion and fission 6,7. It has been proposed that fission of the mitochondrial network protects the organelle 

from Ca2+-induced damage 8. Such a hypothesis sheds a completely different light on the translocation of Bax to the 

mitochondria during increased Ca2+-induced stress. From the perspective of the mitochondria, a fission event medi-

ated by Bax may be protective, rather than damaging. Only continued translocation of Bax during full-blown apop-

tosis may be enough for the formation of the PTP, while initial Bax translocation could simply be considered a cellu-

lar stress response. 

 Similar issues can be raised about the proteases involved in apoptosis. Both calpains and caspases have roles 

outside apoptosis. In fact, calpains are constitutively active in neutrophils and their activity is merely enhanced dur-

ing apoptosis (chapters 5 and 7 of this thesis). The targets for calpains outside apoptosis have hardly been studied, 

and little is known about their physiological role, but some studies suggest they may be involved in neutrophil migra-

tion 9,10. Diverse roles for caspases that were formerly considered apoptotic have recently been unveiled. Caspase-8, 

for example, seems to have a signaling function in the activation of NF-κB after it has been activated 11. In this the-

sis, it is also shown that the activation of caspase-8 does not have to lead to apoptosis (chapter 5). Currently, one can 

only speculate about the roles of the other apoptotic caspases, such as caspase-10, outside apoptosis. 

 Finally, the role of the IAP family in apoptosis is also far from clear. All members of the IAP family seem to 

inhibit apoptosis when over-expressed. However, at physiological levels, only XIAP is a true inhibitor of apoptotic 

caspases 12. IAP-1 and -2 are currently thought to be involved in TNF-α receptor signaling 13. Neuronal apoptosis 

inhibitory protein (NAIP), the finding member of this family, is now thought to function as an intracellular immune 

receptor for flagellated bacteria 14. In this thesis, it was observed that XIAP is degraded in a calpain-dependent man-

ner (chapter 5). It has been suggested that the fragments are degraded by the proteasome 15, but it could equally be 

true that these fractions acquire a new, as yet unidentified, role.  

 Interestingly, most of the proteins involved in apoptosis have close counterparts involved in innate immu-

nity. Apaf-1, activator of caspase-9, is a member of the Nod-like receptor (NLR) family of proteins, as is NAIP 16. 

XIAP is a closely related protein. Most of the non-apoptotic caspases play a role in processing regulatory cytokines 

of the immune system or are involved in immune signaling 16. It is, therefore, not surprising that immune signaling 

and apoptosis are such closely related processes. The TNF-α receptor family of proteins is either involved in immune 

activation or in conveying cell death 17, all of the cytokines discussed in this thesis prepare neutrophils for immune 

surveillance as well as protecting the cells from apoptosis (chapters 3, 5-7). In addition, cellular metabolism is also 

closely related to innate immunity and cell death 18. Most of these functions converge on the mitochondria. This 

makes neutrophils the ideal cells for studying these relationships. After all, the neutrophil is a central player in innate 

immunity, has an active apoptotic program and a peculiar metabolism with a proven role in both cell death and im-

mune functions. For the future of research in either the field of apoptosis, innate immunity or metabolism, these rela-

tionships can not be ignored and deserve further clarification.  

 



127 

Conclusion 

References 
 

 (1)  Ekert PG, Vaux DL. The mitochondrial death squad: hardened killers or innocent bystanders? Curr Opin Cell Biol. 
2005;17:626-630. 

 (2)  Distelhorst CW, Shore GC. Bcl-2 and calcium: controversy beneath the surface. Oncogene. 2004;23:2875-2880. 
 (3)  Antignani A, Youle RJ. How do Bax and Bak lead to permeabilization of the outer mitochondrial membrane? Curr 

Opin Cell Biol. 2006;18:685-689. 
 (4)  Kuwana T, Mackey MR, Perkins G et al. Bid, Bax, and lipids cooperate to form supramolecular openings in the outer 

mitochondrial membrane. Cell. 2002;111:331-342. 
 (5)  Edwards SW, Derouet M, Howse M, Moots RJ. Regulation of neutrophil apoptosis by Mcl-1. Biochem Soc Trans. 

2004;32:489-492. 
 (6)  Karbowski M, Lee YJ, Gaume B et al. Spatial and temporal association of Bax with mitochondrial fission sites, Drp1, 

and Mfn2 during apoptosis. J Cell Biol. 2002;159:931-938. 
 (7)  Sheridan C, Delivani P, Cullen SP, Martin SJ. Bax- or Bak-induced mitochondrial fission can be uncoupled from cyto-

chrome C release. Mol Cell. 2008;31:570-585. 
 (8)  Brookes PS, Yoon Y, Robotham JL, Anders MW, Sheu SS. Calcium, ATP, and ROS: a mitochondrial love-hate trian-

gle. Am J Physiol Cell Physiol. 2004;287:C817-C833. 
 (9)  Nuzzi PA, Senetar MA, Huttenlocher A. Asymmetric localization of calpain 2 during neutrophil chemotaxis. Mol Biol 

Cell. 2007;18:795-805. 
 (10)  Katsube M, Kato T, Kitagawa M et al. Calpain-mediated regulation of the distinct signaling pathways and cell migra-

tion in human neutrophils. J Leukoc Biol. 2008;84:255-263. 
 (11)  Maelfait J, Beyaert R. Non-apoptotic functions of caspase-8. Biochem Pharmacol. 2008. 
 (12)  Eckelman BP, Salvesen GS, Scott FL. Human inhibitor of apoptosis proteins: why XIAP is the black sheep of the fam-

ily. EMBO Rep. 2006;7:988-994. 
 (13)  Varfolomeev E, Goncharov T, Fedorova AV et al. c-IAP1 and c-IAP2 are critical mediators of tumor necrosis factor 

alpha (TNFalpha)-induced NF-kappaB activation. J Biol Chem. 2008;283:24295-24299. 
 (14)  Lightfield KL, Persson J, Brubaker SW et al. Critical function for Naip5 in inflammasome activation by a conserved 

carboxy-terminal domain of flagellin. Nat Immunol. 2008;9:1171-1178. 
 (15)  Kobayashi S, Yamashita K, Takeoka T et al. Calpain-mediated X-linked inhibitor of apoptosis degradation in neutro-

phil apoptosis and its impairment in chronic neutrophilic leukemia. J Biol Chem. 2002;277:33968-33977. 
 (16)  Martinon F, Tschopp J. Inflammatory caspases and inflammasomes: master switches of inflammation. Cell Death Dif-

fer. 2007;14:10-22. 
 (17)  Aggarwal BB. Signalling pathways of the TNF superfamily: a double-edged sword. Nat Rev Immunol. 2003;3:745-756. 
 (18)  Rius J, Guma M, Schachtrup C et al. NF-kappaB links innate immunity to the hypoxic response through transcriptional 

regulation of HIF-1alpha. Nature. 2008;453:807-811. 

Figure 1. Side by side comparison of the initia-
tion of inflammation and apoptosis. Bacterial 
flagelling is recognized by the leucine rich repeats 
(LRR) of Ipaf, which consequently unfolds. This 
leads to the formation of an inflammasome, activa-
tion of caspase-1 and subsequent inflammation (left 
panel). Cytochrome c (Cyt. c) is recognized by the 
WD40 repeats of Apaf, which consequently un-
folds. This leads to the formation of an apopto-
some, activation of caspase-9 and subsequent apop-
tosis (right panel). 




