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Apoptosis: general introduction 

The term "apoptosis" was introduced in the early nineteen-seventies to determine a distinct 

type of cell death, different from necrosis, which was discovered and rediscovered several 

times by various developmental biologists and cytologists. Initially, it was forgotten as an 

irrelevant phenomenon, but the "reincarnation" of the process has come when it was realized 

that apoptosis is a genetically regulated (programmed) mechanism and not just an accidental 

event. Since then, the terms "apoptosis" and "programmed cell death" are used 

interchangeably as synonyms. This regulated form of cell death is as important and 

physiological as cell proliferation and differentiation, and is as tightly regulated. The basic 

knowledge of genetic regulation of apoptosis has come from outstanding work in the 

primitive organism Caenorrhabditis elegans. The genes that were found to regulate apoptosis 

in this nematode have later been found to have homologues in mammals, including humans. 

This proved apoptosis to be an important process conserved throughout evolution. 

In the last 15-20 years, the number of studies devoted to apoptosis has grown exponentially. It 

has been revealed that apoptosis is involved in multiple physiological and pathophysiological 

processes. This polyfunctionality is reflected in a row of evocative names. For instance, the 

role of apoptosis in the sculpting of tissues during ontogenesis deserves it to be called 'an 

architect'. 'Altruistic suicide', when cells infected with a virus "victimise" themselves, 

promoting a built-in apoptotic program to prevent spreading of infection, is another name of 

apoptosis. The balance between cell proliferation and cell death must be tuned and controled 

properly, since a misbalance may contribute to disease. Examples are numerous and very 

relevant. Accelerated apoptosis of neurones contributes to pathogenesis of neurodegenerative 

disorders (such as Alzheimer and Parkinson disease). Binding of HIV or its gpl20 protein to 

CD4" T-cells without simultaneous engagement of the MHC-II complex triggers apoptosis of 

these helper cells, leading to AIDS. Delayed apoptosis is associated with cancer. 

The physiological importance of apoptosis, besides its role in development, is illustrated by its 

crucial contribution to the regulation of the immune system. Apoptosis is involved in the 

control of T- and B-cell maturation and elimination of autoreactive lymphocytes. Proliferation 

and expansion of lymphocytes challenged by an antigen, survival of memory cells and death 

of activated T-cells during the decline of an immune response, all these adaptive immune 
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reactions are associated with apoptosis or its inhibition. Also, immune tolerance at 

immunoprivileged places, such as the eye and the testis, is provided by apoptosis-related 

mechanisms. 

The present work is devoted to apoptosis of neutrophils, which serve as a first line of defense 

against invading pathogens. Apoptosis of neutrophils is a core element of the innate 

immunity. Regulation of the neutrophil life-span by apoptosis provides a fine balance between 

the function of neutrophils as effector cells of host defense and a safe turn-over of these 

potentially harmful cells. Alterations of neutrophil apoptosis are associated with a number of 

diseases. As do other cell types, neutrophils possess components of both extrinsic and 

intrinsic apoptotic routes. The intrinsic pathway of apoptosis appears to be of major 

importance in neutrophils, since these cells are programmed for a rapid spontaneous cell 

death. However, in neutrophils this mechanism of apoptosis has special features, probably due 

to peculiarities of neutrophil mitochondria, which are believed to be core regulators of 

intrinsic cell death. A better understanding of mechanisms underlying neutrophil cell death 

will help to understand neutrophil physiology. It will contribute to the search for new 

approaches for handling pathology related to disturbances in neutrophil apoptosis and also 

increase our knowledge of inflammation in general. 
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Introduction 

Neutrophils constitute the most abundant population 
of leukocytes. In humans, the daily turnover of neutro
phils is about 1.6 x 109 cells/kg body weight [1], which 
keeps the number of mature neutrophils within defined 
limits despite the tremendous proliferative potential of 
the bone marrow precursor cells. This large turnover is 
mediated by the continuous egress of neutrophils from the 
circulation. Neutrophils do not return to the circulation 
but are eliminated by secretion in mucosa or die in the 
tissues within 1-2 days [1]. Under normal conditions 
(without inflammation) neutrophil turnover takes place 
without harmful effects, despite the large bioagrcssive and 
destructive potential of these cells displayed under var
ious inflammatory conditions [2]. A special mechanism of 
harmless neutrophil destruction is provided by apoptosis, 
genetically programmed cell suicide. 

Phenotype of Apoptotic Neutrophils 

Morphological changes of neutrophils undergoing 
apoptosis are typical for the general apoptotic scenario. 
Characteristic features are condensation of cytoplasm 
and intracellular organelles, aggregation and subsequent 
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cleavage of nuclear chromatin, and formation ofapoptot-
ic bodies with or without nuclear remnants. All these 
events arc detectable in neutrophil cultures, i.e. during 
aging in vitro. Importantly, apoptotic changes arc accom
panied by downregulation of cellular functions, especially 
receptor-mediated reactions. Neutrophils that have en
tered the apoptotic process lose the ability of chemokinc-
sis, chemotaxis, phagocytosis, oxidative burst and degran-
ulation [3, 4]. This could be due to the loss of receptor 
expression and disturbed post-receptor signaling, because 
receptor-independent stimulation for example with PMA, 
is less altered in apoptotic cells [3]. Despite hyperexpres-
sion of P2 intcgrins, apoptotic neutrophils cannot adhere 
[4, 5], due to degradation of actin filaments and increased 
rigidity of the plasma membrane, which prevents cellular 
flattening on the substrate [6]. Together, these data indi
cate that apoptosis of neutrophils indeed leads to deterio
ration of their functions. 

Induction and Inhibition of Neutrophil 
Apoptosis 

Neutrophils have the shortest life span among leuko
cytes. After egress from the bone marrow, neutrophils 
leave the circulation within 6-10 h and migrate into the 
tissues, where they undergo constitutive (spontaneous) 
apoptosis in 1-2 days. The duration of the neutrophil life 
span can be cither prolonged or further shortened by sig
nals from the microenvironment. In vitro, apoptosis of 
neutrophils can be modulated by a wide variety of mole
cules. These data are summarized in a number of recent 
reviews [7-11]. In general, the myelopoietic growth fac
tors G-CSF and GM-CSF, and cytokines such as INF-y, 
IL-8 and IL-1|3 have anti-apoptotic potential. The effect 
of TNF-a on neutrophil life span seems to be equivocal, 
i.e. the results presented by different groups of investiga
tors are sometimes contradictory. Although the pro-apop-
totic effect of TNF-a on neutrophils has been well docu
mented [12-18], opposite results have also been pub
lished [19, 20]. Probably, this controversy can be ex
plained by the finding that the effect of TNF-a on neutro
phil survival depends on the concentration of the cytokine 
[21] as well as on the duration of stimulation and on the 
initial functional capacity of the neutrophils before expo
sition to TNF-a [14, 22]. The importance of the 'input' 
state of the cells in the realization of the apoptotic pro
gram was also demonstrated for IL-10, which blocks the 
anti-apoptotic action of LPS, whereas IL-10 alone has no 
effect on neutrophil apoptosis [23]. Apparently, some 

stimuli can influence only pre-primed cells, having no 
effect on resting cells. 

Neutrophils are an exclusive cell type in that they do 
not die in response to glucocorticoids. Instead, these hor
mones induce neutrophil survival by suppressing apopto
sis [24-27]. In this respect, neutrophils are different even 
from eosinophils, i.e. another subset of granulocytes, be
cause eosinophils rapidly undergo apoptosis in glucocorti-
coid-containing media [27]. Apparently, depending on 
cell type, the same receptors can induce different signals 
within the apoptotic machinery, which gives additional 
specific features to cellular behavior. On the other hand, 
this peculiarity coexists with a common pro-survival 
pathway for neutrophils and eosinophils mediated by 
GM-CSF [27]. In more detail, similarities and differences 
in the apoptotic program of neutrophils and eosinophils 
arc nicely summarized by Simon [28]. 

Delay in apoptosis coincides with preservation of neu
trophil functions [24, 29]. Obviously, this is not only an 
effect of extrinsic mediators, but also an action of the 
intrinsic neutrophil resources of autocrine/paracrine regu
lation. IL-ip may have such a role, since the secretion of 
this cytokine is increased when neutrophils are treated by 
the anti-apoptotic agents LPS or GM-CSF [30]. Also, the 
pro-survival effect of IL-6 may be mediated through 
platelet-activating factor secreted by neutrophils [31]. 

The fate of apoptotic neutrophils is not unique. They 
are eliminated by phagocytes, both professional (macro
phages) and non-professional (e.g., fibroblasts). Macro
phages with engulfed apoptotic neutrophils can be ob
served in inflammatory loci and in vitro cultures [23, 32]. 
The recognition of apoptotic neutrophils is determined by 
their unusual surface structures, which appear on the out
er layer of the plasma membrane during apoptosis. 
Among these are phosphatidylserinc (PS) residues, nor
mally located in the inner leaflet of cellular membrane, 
which exteriorize upon induction of apoptosis and are 
recognized by specific PS receptors on disposing cells. 
Changes in surface sugars on apoptotic cells arc recog
nized by phagocyte lectins, and modified lipids are 
ligands for scavenger receptors [33, 34]. Importantly, 
phagocytosis of apoptotic neutrophils (as well as other 
apoptotic cells) suppresses the production of inflammato
ry cytokines due to autocrine inhibition [33]. Thus, all 
steps of the apoptotic process arc orchestrated for safe and 
silent turnover of a huge mass of the everyday exchanging 
neutrophils. 
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Extrinsic pathway Intrinsic pathway 
(death-receptor dependent) (mitochondrial, stress-induced) 

Fig. 1. Extrinsic and intrinsic pathways of 
apoptotic cell death and their crosspoints. 
The extrinsic pathway (left) is initiated upon 
ligation of death receptors, which results in 
caspase-8 activation. This is followed by ac
tivation of downstream effector caspases, 
such as caspase-3, and cell death. The intrin
sic pathway (right) involves mitochondria, 
which release their pro-apoptotic constitu
ents into the cytosol. These proteins promote 
activation of the initiator caspasc-9 (through 
cytochrome c) or deactivate IAPs (through 
Smac/Diablo), yielding further progression 
of apoptosis at the level of caspasc-3. The 
Bcl-2 homologues manipulate the perme
ability of mitochondrial outer membrane, 
preventing (anti-apoptotic) or inducing (pro-
apoptotic) cell death. Caspase-8 amplifies 
death signaling, for instance through activat
ing of the pro-apoptotic protein Bid, which 
facilitates Bax insertion into mitochondria. 
Active caspase-3 provides a back-loop to ac
tivation of upstream caspases, thus enhanc
ing the whole cascade. 

TNF-a/FasL 

Activation of 
caspase-8 

Mitochondria 

Anti-apoptotic _ 
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Amplification 
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Routes of Neutrophi l Cell Death 

It is now obvious that cell death is as important as cell 
life. That is why the regulation of cell death and apoptosis 
is equally complex and tight. To date, dozens of molecules 
arc known to be involved in apoptosis regulation. These 
molecules are active in different stages of the apoptotic 
process, accelerate or inhibit it, relate to each other in 
complex cascades and networks, demonstrate redundancy 
or unique features, participate in other physiological reac
tions or act predominantly for apoptosis. Within each cell, 
there are two main pathways of apoptosis: an extrinsic or 
dcath-receptor-mcdiatcd pathway and an intrinsic (mito
chondrial or stress) route of cell death [for a recent review, 
see 35]. The extrinsic pathway is initiated upon binding of 
so-called 'death receptors', which belong to the TNF 
receptor family, to their ligands (fig. I, left). This interac
tion leads to the assembly of the intracellular death-induc
ing signaling complex (DISC). This complex then starts 
the activation cascade of a number of apoptosis-rclatcd 
proteinases, the so-called caspases, i.e. cysteine (C) pro
teases that cleave target proteins after an aspartate (Asp) 
residue. DISC recruits and activates by autoclcavagc the 

upstream initiator caspase-8, which then starts the cleav
age and activation of downstream effector caspases and 
the final steps of the apoptotic program [36]. In neutro
phils, the death-receptor pathway seems to be inact, 
because two main death ligands, TNF-a and Fas ligand 
(FasL), are among powerful accelerators of neutrophil 
apoptosis. These ligands can induce activation of caspase-
8, followed by processing of executioner caspases [16, 
18]. 

The intrinsic apoptotic pathway has been less well 
studied in neutrophils, although it must be of major 
importance because neutrophils arc tuned to rapid death 
also without external influence (spontaneously). This 
route of cell death involves mitochondria, which connect 
Bcl-2 proteins and caspases (fig. 1, right). Bcl-2 proteins 
constitute a family of proteins with cither pro- or anti-
apoptotic properties. The anti-apoptotic members (i.e. 
Bcl-2, BC1-XL, Mcl-1) contain four domains of sequence 
similarity, designated BH1 through BH4. The pro-apop
totic members, on the other hand, are classified according 
to whether they contain one such homology region (the 
'BH3-only' proteins, e.g. Bid, Bad, Bim, Noxa and Puma) 
or three of these regions (the 'multi-domain' or 'BH1-3' 
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Fig. 2. Mitochondria in neutrophils. Freshly purified neutrophils (a) or neutrophils cultured overnight to 
induce apoptosis (b) were stained by MitoTracker GrccnFM, a specific mitochondrial fluorescent dye, and 
analyzed by fluorescent microspcopy [41]. Bar = 5 urn. Note that in fresh cells mitochondria have a distin
guished tubular, elongated shape, whereas in apoptotic neutrophils the mitochondria are clustered. 

proteins, including Bax, Bak and Bok). Like in other cell 
types, the caspases and the Bcl-2 proteins occupy a central 
position in neutrophil apoptosis [10]. Mitochondria may 
release certain proteins into the cytosol that facilitate the 
activation of the caspase cascade, and Bcl-2 homologucs 
arc thought to manipulate the integrity of mitochondria, 
thus providing regulation of caspase activation [37]. Neu
trophils, although having both Bcl-2 proteins and cas
pases, are an exceptional cell type in that they were con
sidered to possess no or only few mitochondria. This idea 
was based on the observation that mitochondrial poisons 
such as cyanides do not influence cellular functions in 
neutrophils, because these cells mainly use glycolysis for 
energy supply [38]. Moreover, electron microscopy stud
ies have failed to identify the usual mitochondria in neu
trophils [see references in 39], and mitochondrial respira
tion is very low in these cells [40]. For decades, mitochon
dria were out of the scope of phagocytologists as irrelevant 
rudiments without a role in neutrophil life. However, 
recent recognition of mitochondria not only as an energy 
plant, but also as a cellular 'plant of death' [37], has rekin
dled the interest in these organelles. In this respect, it was 
logical to suppose that if mitochondria had lost their 
importance in the active life of a neutrophil, perhaps they 
had preserved a role in cell death. That is why studies 
devoted to neutrophil apoptosis have also shed some light 
on the general physiology of neutrophil mitochondria. 

Thus, mitochondria in neutrophils were visualized as a 
tubular network by means of specific fluorescent dyes 
(fig. 2a) [39, 41]. These tubular structures have been 
shown to possess a transmembrane potential (A\|/m) that is 
sensitive to uncouplers and potassium ionophores [39, 
42], a further indication that they are real mitochondria. 
In neutrophils undergoing spontaneous or accelerated 
apoptosis, the mitochondria change shape, forming peri
nuclear clusters (fig. 2b) [18, 41]. Moreover, as in other 
cell types, Bax protein targeting to mitochondria was evi
dent in neutrophils [41,43]. Such a subcellular redistribu
tion of Bax by fusion with mitochondria upon apoptosis 
results in the permcabilization of the outer mitochondrial 
membrane, with subsequent release of pro-apoptotic mi
tochondrial proteins [37]. Hence, the finding that the Bax 
relocalization occurs also in neutrophils gave a circum
stantial evidence of mitochondrial participation in neu
trophil apoptosis. 

However, besides this fact, direct evidence that mito
chondria are involved in apoptosis of neutrophils was still 
illusive. Neutrophil mitochondria appear to express sur
prisingly low amounts of the principal apoptotic player -
cytochrome c. Cytochrome c itself and its release from 
mitochondria were only detectable after concentration 
procedures such as subcellular fractionation and/or im-
munoprecipitation [43-45]. Moreover, several other mi
tochondrial proteins, including the pro-apoptotic effector 
Smac/Diablo and the respiratory chain enzyme cyto-
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chrome-c oxidase as well as the mitochondrial matrix pro
tein HSP-60 were undetectable in neutrophil cell lysatcs 
by Western blotting [45]. However, in neutrophils, such 
results should be interpreted with caution, because the 
absence of protein detection does not necessarily mean 
that a protein is not there. This is due to the tremendous 
proteolytic potential of neutrophils, which has been re
ported to cause non-specific degradation of proteins, 
including for instance STAT [46] and procaspase-3 [43], 
leading to loss of their detection. 

On the other hand, Murphy et al. [45] have shown that 
in neutrophils the cytochrome-c-dependent apoptotic 
pathway displays a dramatic reduction in requirements 
for cytochrome c. This pathway is initiated by release of 
cytochrome c from mitochondria, which promotes oligo-
mcrization of Apaf-1 and recruitment of the caspase-9 
zymogen. Such a multimolccular complex consisting of 
cytochrome c, Apaf-1 and caspase-9 is called an apopto-
some and contains enzymatically active caspasc-9. Ac
tually, caspasc-9 is active exclusively within the apopto-
some, allowing to call the latter a holocnzyme [47, 48]. 
Although dramatically reduced, the amount of cyto
chrome c present in neutrophils was sufficient to induce 
caspase-9 activation in these cells [45]. Therefore, it has 
been suggested that neutrophils have a lowered threshold 
requirement for cytochrome c, which could be partially 
compensated by the increased expression of Apaf-1. In
deed, upregulation of Apaf-1 is thought to increase the 
sensitivity of apoptosome activation to cytochrome c [49]. 
These results indicate that neutrophil mitochondria, al
though deficient in respiration, still preserve the potential 
to support apoptotic caspasc activation. Similar findings 
have been reported for the neutrophils' close 'relatives', 
eosinophils, in which mitochondria seem to play a role in 
apoptosis, but not in oxidative phosphorylation [40]. 

To date, together with the caspasc-dependent apopto
sis, the experimental data on a caspasc-independent cell 
death are accumulating [50-52], although its physiologi
cal role remains to be determined. Neutrophils too, can 
undergo a caspase-independent cell death. This non-clas
sical pathway of neutrophil turnover is revealed under 
simultaneous stimulation with TNF-a and caspase inhibi
tion [18, 44]. The caspase-independent death of neutro
phils lacks several features of apoptosis, but discloses an 
additional role that mitochondria could have in these 
cells. Several lines of evidence have demonstrated that a 
caspase-independent route of neutrophil cell death is me
diated by mitochondria-derived reactive oxygen species 
(ROS) [18]. In a sense, this is not surprising, since ROS 
produced in the respiratory chain of mitochondria are 

known to be responsible for TNF-a-induccd cytotoxicity 
in several cell lines, in which no doubts exist about the 
'quality' of the mitochondrial respiration [53, 54]. How
ever, this finding provides evidence, although indirect, 
that neutrophils may have some respiratory chain activity 
in the mitochondria. The relative cytochrome c deficiency 
of neutrophil mitochondria (discussed above) may cause 
questions about the activity of complex IV of the mito
chondrial electron transport chain, but there arc still com
plexes I, II and III that do not need cytochrome c and that 
can generate ROS [37]. Probably, these complexes are 
involved in ROS production responsible for the caspase-
independent neutrophil cell death. One can also ask 
whether those mitochondrial ROS can participate in oth
er signaling pathways within a cell. For instance, intcgrin-
induced alterations in mitochondrial function lead to gen
eration of ROS, which participate in a signal transduction 
cascade that leads to NF-KB activation in response to inte-
grin-mediated cell shape changes [55]. These speculations 
are in line with a general reevaluation of the role of ROS 
in cellular physiology. During the last decade, these agents 
moved from a category of merely unwanted side products 
of oxidative metabolism to a cohort of important messen
ger molecules [56, 57]. Neutrophils possess perhaps the 
most powerful system of ROS generation among all cell 
types, i.e. the NADPH oxidase, which they use to kill 
ingested microorganisms [58]. But the extent and the rate 
of ROS production by this oxidase arc so dramatically 
high that it is hard to imagine that the ROS generated by 
this system do anything besides killing. With respect to 
cell death, NADPH oxidase does not have an important 
role, because neutrophils from patients with chronic gran
ulomatous disease, which have an impaired NADPH oxi
dase system, display the same level of spontaneous and 
TNF-a-accclcrated apoptosis as do normal neutrophils, at 
least in short-term cultures [18, 21, 22]. A more finely 
tuned system of mitochondrial ROS synthesis or alterna
tive NADPH oxidases [59, 60] is more likely to have a 
role in the signal transduction, although experimental evi
dence is still lacking. 

Despite the obvious importance of mitochondria in the 
apoptotic program, it seems that these organelles are not 
absolutely necessary for apoptosis, at least in neutrophils. 
Ncutrophil-dcrivcd cytoplasts, which are plasma mem
brane vesicles filled with cytoplasm but devoid of nuclei, 
granules and mitochondria [61,62], nevertheless undergo 
apoptotic changes reminiscent of these reactions in intact 
neutrophils. During culturing, cytoplasts express PS resi
dues on the outer leaflet of the plasma membrane with 
coincident caspase-3 activation [18,41]. This observation 
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indicates that neutrophil cytosol possesses an adequate 
machinery to proceed to cell death. It is not yet clear 
which pathway is operative in neutrophil cytoplasts. In 
Jurkat cell cytoplasts, CD95/Fas ligation leads to PS 
externalization and caspase-3 activation [63], suggesting 
that the extrinsic (receptor-dependent) pathway of apop-
tosis involving DISC formation and caspase-8 processing 
is likely to be intact in this cell preparation. However, it 
has not yet been studied whether the apoptosomc path
way of caspase-9 activation is operative in cytoplasts. It 
would be intriguing to investigate the state of this mito
chondria-dependent route of apoptosis in the mitochon
dria-free cytoplast system. 

The apoptosis studies in cytoplasts highlighted also 
another issue, namely the relationship between apoptosis 
and protein synthesis. Apparently, the apoptotic machin
ery is preformed in the cytosol during neutrophil develop
ment and does not require de-novo produced proteins, 
because the absence of protein synthesis does not prevent 
apoptosis in cytoplasts. This is also true for the pre-men-
tioned Jurkat cell cytoplasts. Moreover, shutting off the 
protein synthesis by inhibitors such as cycloheximide or 
actinomycin D markedly increases the rate of neutrophil 
apoptosis [64]. Obviously, the whole apoptosis machinery 
is inactive or inhibited before apoptosis is triggered, 
otherwise a cell would not survive. Such a situation in
vites speculation that if apoptosis docs not require pro
tein synthesis, perhaps its inhibition does so. Indeed, neu
trophils, having a limited protein synthetic capacity, nev
ertheless need new proteins to suppress apoptosis. Thus, 
the pro-survival effects of G-CSF and GM-CSF depend 
on as yet unidentified dc-novo synthesized mediators, 
because their anti-apoptotic activity is prevented by pro
tein synthesis inhibitors and is absent in cytoplasts [18, 
65]. Corticosteroid-induccd neutrophil survival is abro
gated by the inhibition of protein synthesis as well [24]. 
Interestingly, the pro-apoptotic action of TNF-a is drama
tically enhanced by a small dose of protein inhibitors, 
which in itself is not apoptogenic. This powerful combina
tion is able to induce apoptotis in 70-90% of neutrophils 
already within the first hours of incubation [16, 44, 66]. 
These observations may indicate that, under normal con
ditions, the existing apoptotic program is paralyzed by a 
permanent production of short-living inhibitors, and that 
blockade of protein synthesis suppresses this mechanism, 
thus unleashing the apoptotic process [67]. One of the 
candidate proteins that is likely to keep apoptosis silent 
and to mediate effects of anti-apoptotic agents in neutro
phils is a Bcl-2 anti-apoptotic homologue called Mcl-1. 
This protein has a very short half-life, both at mRNA and 

protein level, and its expression correlates with neutrophil 
survival, being preserved at a certain level by pro-survival 
cytokines [64,68]. In contrast to Mcl-1, pro-apoptotic Bcl-
2 proteins such as Bax have a relatively long half-life, 
which may contribute to the short neutrophil life span. 
The relative expression of pro- and anti-apoptotic Bcl-2 
proteins also seems to be of importance. Upon induction 
or prevention of apoptosis, alterations of the Bax/Bcl-XL 

ratio have been observed [17]. BC1-XL was noticed to be 
downregulatcd by TNF-a stimulation, whereas Bax ex
pression remained constant, which leads to a shift in the 
balance towards Bax, i.e. towards apoptosis. In contrast, 
GM-CSF reduced Bax levels and preserved BC1-XL ex
pression, thus preventing apoptosis. However, the pres
ence of Bcl-XL proteins in neutrophils is still debated [10], 
although the idea that interactions between pro- and anti-
apoptotic Bcl-2 proteins compose a 'rheostat' that can 
determine sensitivity to apoptosis is attractive [69]. 

Besides quantitative characteristics, qualitative 
changes of Bcl-2 proteins such as localization also repre
sent an important mechanism of the regulation of neutro
phil apoptosis. As mentioned above, upon apoptosis Bax 
undergoes intracellular redistribution and moves from 
the cytosol to the mitochondria, where this protein is like
ly to induce the release of pro-apoptotic mitochondrial 
constituents [18,41,43]. Prevention of Bax relocalization 
has been suggested to contribute to the anti-apoptotic 
action of G-CSF. This prevention could be achieved by an 
association between Mcl-1 and Bax, which has been 
shown to occur in neutrophils during GM-CSF stimula
tion and to be absent in untreated cells undergoing spon
taneous apoptosis [70]. This altogether indicates that the 
relative ratio as well as the localization and partnership 
interactions of anti-apoptotic and pro-apoptotic Bcl-2-
family proteins are significant components of the neutro
phil life and death regulation. 

Apoptosis of Neutrophils and Pathology 

Dysrcgulation of the apoptotic program in neutrophils 
and their precursors is involved in the development of 
several pathologic conditions. Enhanced apoptosis con
tributes to pathogenesis of various neutropenias, in which 
several mechanisms of apoptosis acceleration have been 
implied. Thus, a defective expression of Bcl-XL in neutro
phil precursors leading to accelerated apoptosis has been 
shown to play a role in myelokathexis, a congenital disor
der that causes severe chronic leukopenia and neutrope
nia [71]. Both cyclic neutropenia and severe congenital 
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neutropenia (Kostmann syndrome) have been linked to 
an ineffective production of neutrophils due to acceler
ated apoptosis of bone marrow myeloid progenitor cells 
[72, 73]. The estimated half-life of neutrophil precursors 
in patients with myclokathexis, cyclic neutropenia or 
Kostmann syndrome is about 10 times shorter than nor
mal [74]. Also, mutations in neutrophil elastasc have been 
thought to predetermine the disease phenotype in some 
patients with cyclic and severe congenital neutropenia 
[73, 75], but how elastase mutations may predispose neu
trophil precursors to apoptosis is as yet unclear. Another 
type of neutropenia, chronic idiopathic neutropenia, is 
also associated with impaired granulocytopoicsis because 
of increased apoptosis of granulocyte precursors that 
overexpress Fas and are induced to die within the bone-
marrow microenvironment [76]. The involvement of the 
Fas/FasL system was found in chronic neutropenia ac
companying large granular lymphocyte leukemia [77]. In 
this disease, the high levels of soluble FasL are a pathoge
netic mechanism of neutropenia, and resolution of neu
tropenia is associated with marked reduction in FasL 
levels. 

Neutropenia may also be related to metabolic defects 
in neutrophils and their precursors, as was demonstrated 
in glycogen storage disease type lb (GSDlb) [78]. Most 
likely, the defect in transport of glucose-6-phosphatc into 
endoplasmic reticulum, which is a hallmark of GSDlb, 
leads to changes in intracellular redox state, thus driving 
induction of apoptosis. This hypothesis is supported by 
the observation that specific pharmacological inhibition 
of glucosc-6-phosphate transport promotes neutrophil 
apoptosis, which can be prevented by ROS inhibition 
[79]. General metabolic defects such as, for instance, 
those occurring in liver cirrhosis, are frequently associat
ed with a predisposition to bacterial infections and neu
tropenia, which can be ascribed in part to the enhanced 
neutrophil apoptosis as well [80]. 'Local' neutrophil insuf
ficiency due to increased apoptosis has been reported to 
play a role in persistence of cardiovascular device infec
tions [81]. The neutrophils experiencing increasing shear 
stress at the sites of cardiovascular device implantation 
display functional alterations and apoptotic signs, which 
was suggested to facilitate the local development of bacte
rial infections. 

Besides the contribution of accelerated apoptosis of 
neutrophils and their precursors in neutropenias, there is 
another side of the coin, namely the pathophysiological 
role of delayed neutrophil apoptosis in disease. Neutro
phils arc sensitive indicators of homeostasis and readily 
react to any changes by realizing their effector potential. 

Reactive 'remodeling' of neutrophils may influence the 
apoptotic program as well. For example, spontaneous 
neutrophil apoptosis is delayed in septic patients with 
pneumonia, burns and traumatic injuries [20, 82-84] as 
well as after major surgery [84, 85]. A longer survival of 
primed circulating neutrophils due to the inhibition of 
apoptosis together with mobilization of the bone-marrow 
pool of young neutrophils tuned 'not to die' provide the 
accumulation of these cells in inflammatory sites. This 
results in excessive release of toxic metabolites, causing 
tissue injury and life-threatening complications (like mul
tiple organ dysfunction), typical for systemic inflammato
ry response syndrome and sepsis. 

In vivo, cytokines and growth factors are major regula
tors of neutrophil survival. Various stress insults, includ
ing stimuli originating from inflammatory lesions, may 
cause a dysbalance in the cytokine network. In patients 
with burns as well as with post-traumatic and post-opera
tive septic complications, inhibitors of apoptotis have 
been detected in the blood [82-84, 86]. These inhibitors 
are mainly G- and GM-CSF [82, 83], although also the 
presence of bacteria-derived products such as endotoxin, 
which are assumed to promote neutrophil survival, can
not be excluded in septic patients. Taken together, these 
results indicate that conditions that modify neutrophil 
apoptotic tuning may occur in the circulation, and cyto
kines seem to play a crucial role in coupling neutrophils 
with local and systemic inflammation. 

The influence of pathological conditions on neutrophil 
apoptosis may also be exerted via stress-dependent modi
fications in the hormonal status, and first of all through 
glucocorticoids, which depress apoptosis of ncutophils 
(see above). An interesting (but somewhat provocative) 
concept has been suggested by Sendo et al. [87]. These 
investigators found that spontaneous and TNF-acceler-
atcd neutrophil apoptosis was delayed in volunteers ex
posed to stress conditions, including lack of sleep, starva
tion and strenuous sport exercises. This was considered as 
a 'compensation' of the glucocorticoid-induced suppres
sion of adaptive immunity. On the other hand, during 
longer stress (students preparing for a board examination 
were used as a model) neutrophil apoptosis was enhanced. 
As proposed, probably the latter plays a role in the weak
ening of the resistance to infections in chronic stress. 

Delay of neutrophil apoptosis can lead to the patholog
ical neutrophil accumulation in chronic neutrophilic leu
kemia, a rare syndrome characterized by excess of mature 
neutrophils. In this disease, neutrophils overexpress X-
linked inhibitor of apoptosis (XIAP) protein due to its 
impaired degradation, which coincides with a delay in 
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spontaneous, Fas- and TNF-a-accelcratcd apoptosis [88, 
89]. Also, neutrophils from patients with chronic myelog
enous leukemia demonstrate longer survival than cells 
from healthy donors [90]. 

Disturbed elimination of apoptotic neutrophils is 
known to participate in the pathogenesis of inflammatory 
diseases. Late recognition and removal of apoptotic neu
trophils, which still contain numerous aggressive media
tors, from inflammatory lesions are - along with other fac
tors - responsible for persistent inflammation during 
rheumatoid arthritis [91]. Clearance of apoptotic neutro
phils is also impaired in systemic lupus erythematosus 
(SLE). In this pathology, the number of circulating apop
totic neutrophils is increased, they demonstrate increased 
extent of damaged DNA, and they are considered as can
didate autoantigens, which may promote the production 
of autoantibodies to native DNA, a hallmark of SLE [92, 
93]. Delayed apoptosis and clearance of apoptotic neutro
phils has also been suggested as a factor of importance in 
the formation of autoantibodies against proteins in the 
granules (ANCA). More recently, it has been suggested 
that defective clearance of apoptotic neutrophils from the 
airways may contribute to ongoing airway inflammation 
in cystic fibrosis and bronchiectasis. This may be due to 
clastase-mediated cleavage of the PS receptor on resident 
lung macrophages, which leads to impairment of the rec
ognition of apoptotic material [94]. 

Neutrophil Apoptosis and Regulation of 
Inflammation 

Neutrophils form the first cellular guard to face invad
ing pathogens. Interaction between the two parties starts 
to the inflammatory cascade, with various local and sys
temic effects such as recruitment of the additional cellular 
forces, increased cytokine production, etc. All these 
events are beneficial for the struggle with the microorgan
isms, but are also potentially dangerous for the host, and, 
obviously, to keep inflammation in a certain safe frame is 
as important as to be able to start it. As noticed above, 
apoptosis of inflammatory cells, including neutrophils, is 
one of the existing mechanisms known to limit phlogistic 
reactions. Probably, a stimulus that can initiate inflam
mation provides signals for its limitation as well. This sug
gestion is supported by a number of observations describ
ing the ability of different pathogens to induce neutrophil 
apoptosis. For instance, phagocytosis of Escherichia coli, 
Staphylococcus aureus, Mycobacterium tuberculosis and 
Candida albicans is known to promote apoptosis of neu

trophils [13, 95-99]. The mechanisms of apoptosis in
volved under those conditions are not clear, although a 
role for ROS, both NADPH-oxidase-dcpcndent and 
-independent, has been proposed [97, 98]. But whatever 
the mechanisms are, such a divergent outcome of the sig
nals induced by a single agent supposes an initial conver
gence (i.e. a common signaling) somewhere upstream in 
the transduction cascade. In other words, activation and 
death signals may have to proceed through the same chan
nel up to a certain stage, and diverge only afterwards. This 
common link could be represented by a caspase protease. 
Indeed, in the caspase family of proteases there are not 
only apoptotic members, but also inflammatory ones, 
such as caspase-1, which participates in IL-1B and IL-18 
maturation. The growing body of evidence indicates that 
caspase-1 may also have the capacity to mediate apoptosis 
[ 100], which is, in fact, not surprising because the caspase-
I homologue gene product in Caenorhabditis elegans, 
CED-3, is known to be pro-apoptotic [101]. Neutrophils 
from caspase-1-deficient mice have delayed constitutive 
apoptosis, and LPS cannot inhibit apoptosis in these cells, 
but caspase-1-deficient neutrophils are still susceptible to 
Fas-mediated apoptosis [102]. Caspase-1 can be consid
ered as a very upstream initiator caspase, like caspasc-2 
[48]. In this light, keeping in mind that mature neutro
phils do not express caspase-2 [45, 103], caspase-1 gains 
impetus in neutrophil survival, likely combining func
tions related to inflammation and apoptosis. However, 
caspase-1 is not the only player in the field, because cas
pase-1-independent release of IL-18 has also been re
ported [104]. 

Hence, although the understanding of precise mecha
nisms of cross-talk between inflammation and apoptosis 
arc far from complete, this concept attracts more atten
tion in the line with the neutrophil's prominent function 
in innate immunity as a first-line protection against var
ious pathogens. 
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Scope of this thesis 

As reviewed above, a substantial amount of literature has accumulated over the last decade on 

the phenomenology and mechanisms of neutrophil apoptosis as well as on the association 

between disturbed neutrophil apoptosis and pathology. The work described in the present 

thesis is focused on the clarification of the neutrophil cell death pathways and their regulation. 

In Chapter II, pro-survival effects of G-CSF have been studied and linked to inhibition of the 

mitochondrial-dependent activation of caspase-3. Chapter III describes an alternative TNF-

cc-induced, caspase-independent pathway of neutrophil cell death, which possesses specific 

features different from apoptosis and which is dependent on mitochondria-derived reactive 

oxygen species. As shown in Chapter IV, this "non-classical" cell death can be abrogated by 

inhibition of serine protease activity of the pro-apoptotic mitochondrial protein Omi/HtrA2. 

Chapter V provides a detailed characterization of different functional aspects of neutrophil 

mitochondria, which (in other cell types) combine life-supporting functions and death-

promoting activity. In neutrophils, these organelles preserve mainly their pro-death potential, 

releasing a number of pro-apoptotic mitochondrial constituents into the cytosol during 

apoptosis and underlining the importance of the mitochondrial (intrinsic) pathway of 

neutrophil apoptosis. The experiments presented in Chapter VI reveal that the G-CSF-

induced delay in neutrophil apoptosis is mediated through inhibition of Bid/Bax translocation 

to the mitochondria and subsequent prevention of mitochondrial dysfunction, which clarifies 

some details of the mechanism suggested in Chapter II. Chapter VII points out enhanced 

neutrophil apoptosis as a possible cause of neutropenia in a rare hereditary disorder -

glycogen storage disease type lb (GSDlb). Chapter VIII reports about another rare 

hereditary disease with accompanying neutropenia - Barth syndrome, in which neutrophils 

bind Annexin-V in the absence of apoptosis. These neutrophils are not recognized by 

macrophages, arguing against enhanced clearance as a cause for neutropenia. 
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Chapter II 
Granulocyte colony-stimulating factor inhibits the mitochondria-
dependent activation of caspase-3 in neutrophils 
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Nikolai A. Maianski, Frederik P. J. Mul, Jaap D. van Buul, Dirk Roos, and Taco W. Kuijpers 

The exact mechanism of apoptosis in 
neutrophils (PMNs) and the explanation 
for the antiapoptotic effect of granulocyte 
colony-stimulating factor (G-CSF) in PMNs 
are unclear. Using specific fluorescent 
mitochondrial staining, immunofluores-
cent confocal microscopy, Western blot
ting, and flow cytometry, this study found 
that PMNs possess an unexpectedly large 
number of mitochondria, which are in
volved in apoptosis. Spontaneous PMN 
apoptosis was associated with transloca
tion of the Bcl-2-like protein Bax to the 
mitochondria and subsequent caspase-3 
activation, but not with changes in the 

Introduction 

expression of Bax. G-CSF delayed PMN 
apoptosis and prevented both associated 
events. These G-CSF effects were inhib
ited by cycloheximide. The general 
caspase inhibitor z-Val-Ala-DL-Asp-flu-
oromethylketone (zVAD-fmk) prevented 
caspase-3 activation and apoptosis in 
PMNs, but not Bax redistribution. PMN-
derived cytoplasts, which lack a nucleus, 
granules, and mitochondria, spontane
ously underwent caspase-3 activation and 
apoptosis (phosphatidylserine exposure), 
without Bax redistribution. zVAD-fmk in
hibited both caspase-3 activation and 
phosphatidylserine exposure in cultured 

cytoplasts. Yet, G-CSF prevented neither 
caspase-3 activation nor apoptosis in cy
toplasts, confirming the need for protein 
synthesis in the G-CSF effects. These 
data demonstrate that (at least) 2 routes 
regulate PMN apoptosis: one via Bax-to-
mitochondria translocation and a second 
mitochondria-independent pathway, both 
linked to caspase-3 activation. Moreover, 
G-CSF exerts its antiapoptotic effect in 
the first, that is, mitochondria-dependent, 
route and has no impact on the second. 
(Blood. 2002;99:672-679) 

During the last decade, apoptosis, or programmed cell death, has 
attracted great interest. Whole families of molecules have been 
described as regulators of apoptosis. The Bcl-2 family of 
proteins and the family of caspase proteases are internal key 
regulators of the cell fate.'-2 Recent work has demonstrated that 
these 2 groups of proteins are intimately connected at the level 
of mitochondria: the Bcl-2 homologues govern the activity of 
caspases by exerting their effect through the regulation of the 
mitochondrial function.3 Proapoptotic Bcl-2 proteins, such as 
Bax, disturb the mitochondrial membrane integrity by forming 
channels, which facilitates the subsequent release of cytochrome 
c and the activation of Apaf-1 and downstream caspases.47 Bax 
moves from the cytosol to the mitochondria on initiation of 
apoptosis.8"11 This translocation seems to precede caspase 
activation.12 Some authors have suggested a critical role for Bax 
movement to mitochondria in the execution of the apoptotic 
program."13 Moreover, the antiapoptotic protein Bcl-2 is be
lieved to mediate, at least partially, its effect through the 
inhibition of Bax redistribution."'14 

A downstream event of Bax-mediated mitochondrial dysfunc
tion is the activation of caspases. This family of proteases executes 
the cleaving of specific targets, which, finally, leads to cell 
disassembly and death. Among these proteases, caspase-3 stands 
out for the great number of substrates that it destroys. These targets 

include nuclear proteins,15 cytoplasmic structures,16 and cytoskel-
eton elements.17 Bcl-2 and its antiapoptotic homologue, Bcl-XL, 
are also substrates for caspase-3.18J9 For this reason, caspase-3 is 
called the main executioner of apoptosis. 

In the present study, we have investigated the apoptotic process 
of mature human neutrophils (PMNs). These cells have a constitu-
tively short life span and rapidly undergo spontaneous apoptosis 
within hours.20 Survival of PMNs can be extended by delaying 
apoptosis with a wide variety of agents, including colony-
stimulating factors, such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) and granulocyte colony-stimulating 
factor (G-CSF).21'25 To date, the mechanisms of their prosurvival 
effect remained unclear. Some authors have suggested that active 
protein synthesis is required for agents such as GM-CSF to produce 
their prosurvival effect, whereas blocking of protein synthesis 
promotes PMN apoptosis and abrogates the effect of these 
agents.25-27 Recently, it has been proposed that the antiapoptotic 
action of these cytokines may be connected with Bcl-2-related 
proteins and with regulation of caspase-3 activity. GM-CSF has 
been suggested to induce expression of the antiapoptotic Bcl-2 
homologue Mcl-1,23 to maintain the level of Bcl-Xi., and to 
influence caspase-3 activity,28 thus preventing apoptosis. Down-
regulation of Bax expression by G-CSF and GM-CSF has been 
considered to delay apoptosis.24 
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Regarding a role of Bcl-2 proteins in this process, one should 
realize that PMNs are considered to possess no or only few 
rudimentary mitochondria, which do not play a role in the active 
life of the cell.29-30 Therefore, PMNs have been considered to be "a 
nonmitochondrial scene" of apoptosis.23 On the other hand, mito
chondria constitute a crossroad of apoptosis regulation between 
members of the Bcl-2 family and the caspases. In the present study, 
we show that PMNs do contain mitochondria, in contrast to what 
was believed earlier. Also, we observed Bax movement to mitochon
dria and a strong correlation of this event with caspase-3 activation 
and spontaneous PMN apoptosis. The prosurvival effect of the 
prosurvival factor G-CSF was demonstrated to coincide with 
prevention of Bax-to-mitochondria translocation and with inhibi
tion of caspase-3 processing in a transcription-dependent manner. 
At the same time, using PMN cytoplasts, which lack mitochondria, 
granules, and nuclei,31 we found a mitochondria-independent 
pathway of caspase-3 activation and subsequent apoptosis. More
over, G-CSF had no effect on this last route of apoptosis. 

Materials and methods 

PMN preparation and culturing 

The PMNs were isolated from heparinized blood of healthy donors as 
described.12 Briefly, 20 mL blood was diluted with 20 mL 10% trisodium 
citrate/phosphate-buffered saline (PBS). Mononuclear cells and platelets 
were removed by density gradient centrifugation over isotonic Percoll 
(Pharmacia, Uppsala, Sweden) with a specific gravity of 1.076 g/mL. 
Erythrocytes were lysed by short treatment of the pellet fraction with 
ice-cold isotonic NH4CI solution (155 raM NH4CI, 10 mM KHCO3, 0.1 
mM EDTA, pH 7.4). The remaining PMNs were washed once in PBS and 
used for further manipulations. In all cases purity was more than 97%. 
PMNs were resuspended at a final concentration of 2 x IOVmLin Iscoves 
modified Dulbecco medium (IMDM; Biowhittaker, Brussels, Belgium) 
supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco 
BRL, Paisley, United Kingdom), penicillin 100 IU/mL (Yamanouchi, 
Tokyo, Japan), streptomycin 100 u.g/mL (Gibco BRL), and glutamine 300 
M-g/mL. One milliliter of cell suspension was put in each well of 24-well 
plates (NUNC Brand Products, Roskilde, Denmark) and was incubated 
overnight (20-22 hours) in a 5% C02 incubator at 37°C. PMNs were 
cultured without additions (no stimulus), with 500 ng/mL G-CSF (Neupo-
gen, Amgen, Breda, The Netherlands), with 400 u,mol/L z-Val-Ala-DL-Asp-
fluoromethylketone (zVAD-fmk, Alexis Biochemicals, San Diego, CA), 
with 5 ng/mL cycloheximide (CHX; Calbiochem, Bad Soden, Germany), 
or with a combination of indicated doses of G-CSF and CHX. 

Cytoplast preparation and culturing 

The PMNs were isolated from the buffy coat of 500 mL fresh blood from 
volunteer donors, as described above. Cytoplasts were prepared from 108 

PMNs as described previously.33 Briefly, PMNs were centrifuged tfirough a 
discontinuous Ficoll-70 (Sigma, St Louis. MO) gradient (12.5%, 16%, 
25%) prewarmed to 37°C, containing 5 u,g/mL cytochalasin B (Sigma). 
Centrifugation was performed for 30 minutes at 34°C in a model L2-65B 
ultracentrifuge wiüi an AH-629 rotor (Beekman Instruments, Fullerton, 
CA) at 81 OOOg. After centrifugation, the upper band of cellular material 
was collected. This band was composed of 99% of cytoplasts, as assessed 
by light microscopy of cytospins stained with May-Griinwald-Giemsa 
stain. Cytoplasts were recognized by their absence of nuclei. Following 
several washings in PBS, cytoplasts were resuspended at a final concentra
tion of 8 x 106/mL in the culture medium and were incubated as indicated 
for PMNs (see above). 

Measurement of apoptosis 

Apoptosis of PMNs was measured by flow cytometry widi the annexin-V-
fluorescein isothiocyanate (FTTQ/propidium iodide (PI) apoptosis assay kit 
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(Bender Medsystems, Vienna, Austria).34 About 10s fresh cells or cells after 
overnight incubation were washed once in ice-cold Hepes medium with 2.5 
mM Ca+*. All further steps were performed in mis medium on ice. The 
cells were then incubated for 45 minutes with annexin-V-FITC, 1:250, 
which specifically binds phosphatidylserine residues on the cell membrane. 
During the last 10 minutes PI was added to a final concentration of I 
u,g/mL. PI is a fluorescent dye that intercalates into DNA once the cell 
membrane has become permeable. After incubation, the cells were washed 
once and analyzed by FACScan (Becton Dickinson, San Jose, CA). Viable 
cells were defined as negative for annexin-V-FITC and PI staining. Cell 
survival was expressed as a percentage of viable cells in relation to the total 
number of counted cells. Cytoplast apoptosis was assessed in die same way, 
except for the PI step, with 4 x 105 cytoplasts for each preparation. 

Measurement of protein expression of Bcl-2 family members 

The expression levels of Bax, Bak, Mel-1, and Bcl-X|. were determined by 
FACS analysis, according to Van Vliet et al,35 with some modifications. 
After isolation and culture, 10s PMNs were washed once in PBS. The cells 
were then fixed with 2% (wt/vol) paraformaldehyde in PBS for 15 minutes 
at room temperature, washed twice in PBS, and resuspended in staining 
buffer containing 0.1% saponin (wt/vol; Calbiochem) and 1% (vol/vol) 
bovine serum albumin (BSA; Boseral, Organon Teknika, Eppelheim, 
Germany) in PBS. All further steps were performed in this solution at room 
temperature. The cells were distributed over a 96-well plate with conical 
bottoms, incubated for 10 minutes for permeabilization, and were spun 
down. Supernatant was removed, and PMNs were resuspended in 50 u.L of 
the appropriate primary antibody or isotype control antibody solution. The 
polyclonal rabbit antibodies against human Bax, Mcl-l (Pharmingen, San 
Diego, CA) or Bcl-X,. (Calbiochem) were used at a final dilution of 1:250. 
The monoclonal mouse antihuman Bak antibody (Calbiochem) was used at 
a final concentration of 25 u-g/mL. After 45 minutes of incubation the cells 
were washed twice and were resuspended in 50 pL of the secondary 
antibody, Alexa-488-conjugated goat-antirabbit/mouse IgG (Molecular 
Probes, Eugene, OR), at a final concentration of 2.5 u,g/mL. Incubation with 
me secondary antibody took 45 minutes. After this procedure, the PMNs 
were washed twice and were analyzed by FACScan. Expression levels of 
the proteins of interest were assessed by measuring the mean fluorescence 
intensity (MFI) of bound antibodies. 

Confocal laser scanning microscopy 

For confocal laser scanning microscopy (CLSM) analysis, PMNs and cytoplasts 
were fixed and permeabilized as described for flow cytometry. To investigate the 
staining patterns of Bcl-2-related proteins, the cells were incubated with me 
appropriate primary antibodies (see above) with subsequent secondary staining 
with Alexa-568-conjugated goat-antirabbit/mouse IgG (final concentration 2.5 
Hg/mL). All incubations were performed as described above. After the last wash 
step, the cells were resuspended in 30 uL PBS, brought on microscope glass 
slides, and covered by coverslips. The slides were analyzed by a confocal laser 
scanning microscope (LSM510, Carl Zeiss, Heidelberg, Germany) equipped 
with Ar and HeNe lasers. 

To study the activation of caspase-3, incubations were performed with die 
monoclonal rabbit antibody against active human caspase-3 (Pharmingen) at a 
final dilution of 1.5 u.g/mL and AlexaFluor488-conjugated goat-antirabbit IgG. 

For the mitochondrial staining MitoTracker GreenFM (Molecular 
Probes) was used. About 105 fresh or cultured PMNs (or 4 X 10s 

cytoplasts) were incubated in IMDM for 30 minutes in a 5% C02 incubator 
at 37°C widi 100 nmol/L MitoTracker Green FM. Then me cells were spun 
down, resuspended in 30 u.L stain-free medium, placed on microscope glass 
slides, and analyzed by CLSM. 

To obtain simultaneous staining of mitochondria and intracellular 
antigens, the cells were stained with 1 u.mol/L MitoTracker Green FM, 
fixed, permeabilized, labeled for proteins of interest, and analyzed as 
described above. 

Western blotting 

The cleavage of procaspase-3 was determined by Western blotting as 
described elsewhere.28 Briefly, whole cell lysates were obtained by boiling 



5 X 105 PMNs or 2 X 106 cytoplasts in sodium dodecyl sulfate (SDS) 
sample buffer with 4% mercaptoethanol for 5 minutes. Proteins were 
resolved on 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
and were electrotransferred to nitrocellulose membrane (Hybond-ECL; 
Amersham, Arlington Height, IL). The blots were incubated for 1 hour with 
1:1000 diluted polyclonal rabbit antihuman caspase-3 antibodies (Pharmin-
gen), which recognize both inactive procaspase-3 and its cleavage product. 
Thereafter, the blots were incubated for 1 hour with swine antirabbit-IgG 
conjugated with horseradish peroxidase (HRP; Dako, Glostrup, Denmark), 
followed by band visualization with enhanced chemiluminescence as 
described by the manufacturer (Amersham). As a positive control, Jurkat 
T-cell lysates were used (Pharmingen), which contain caspase-3 as a 
32-kd proenzyme. 

Measurement of G-CSF receptor expression in PMNs 
and cytoplasts 

The PMNs (105) or cytoplasts (4 x 10s) were washed once in PBS and were 
incubated with a monoclonal antibody (mAb) against human G-CSF 
receptor (Pharmingen) at a final concentration of 5 u.g/mL or with an 
isotype control. After a 45-minute incubation, the cells were washed twice 
and stained for 45 minutes with R-phycoerythrin-labeled secondary anti
body (Dako) at a final dilution of 10 p.g/mL. After washing, the antibody 
binding was assessed by FACS analysis. 

Statistics 

Where applicable, the Student / test was used to evaluate the significance of 
differences between the sample means. Statistical significance was defined 
as P less than .05. 

Results 

G-CSF and zVAD-fmk effectively delay PMN apoptosis 

Freshly isolated PMNs contained 95.6% ± 2.7% live cells, that is, 
negative for both annexin-V and PI (Figure 1A). PMNs cultured 
overnight without additions underwent spontaneous apoptosis, 

Figure 1. Survival of PMNs. Freshly isolated PMNs as well as cells cultured 
overnight without additions, with 500 ng/mL G-CSF or with 400 p.M zVAD-fmk were 
stained with annexin-V (x-axis) and PI (y-axis) and were analyzed by FASCscan. 
Cells without annexin V and PI staining were counted as viable cells (lower left 
quadrant on each plot). Cell survival was expressed as the percentage of viable cells 
in the total cell population. (A) Almost all fresh cells were alive. (B) Overnight-cultured 
untreated cells underwent spontaneous apoptosis. (C,D) Addition of G-CSF or 
zVAD-fmk, respectively, significantly increased PMN survival ( *P< .05 versus 
untreated cells). Values represent means ± SEM of 8 separate experiments. 
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with a survival not higher than 21.0% ± 3.3% (Figure IB). In the 
presence of G-CSF, apoptosis was delayed, resulting in 
63.2% ± 2.9% surviving cells (Figure 1C). In the presence of 
zVAD-fmk (Figure 1D) apoptosis was minimal, and 88.0% ± 2.3% 
PMNs were alive. Both agents produced a significant delay of 
apoptosis when compared with control incubations (P < .05). 

PMNs do contain mitochondria: structural changes 
during apoptosis 

To check whether PMNs contain mitochondria, we performed 
mitochondrial staining with MitoTracker Green FM. In fresh 
PMNs (Figure 2A), the mitochondria showed a tubular shape, 
whereas in overnight-cultured control PMNs (Figure 2B) the 
mitochondria had changed into large unstructured aggregates. 
G-CSF (Figure 2C) prevented the mitochondrial aggregate forma
tion, but addition of zVAD-fmk (Figure 2D) did not influence the 
aggregation of the mitochondria. The identity of the mitochondria 
was confirmed with an antibody against a component of the 
mitochondrial cytochrome oxidase system (mouse mAb antihuman 
cytochrome c oxidase complex IV, Molecular Probes; data 
not shown). 

PMN apoptosis and caspase-3 activation: inhibition 
by G-CSF or zVAD-fmk 

We studied caspase-3 processing during spontaneous apoptosis by 
Western blotting and CLSM. Caspase-3 is expressed in normal 
PMNs as a 32-kd inactive precursor, which is proteolytically 
cleaved into an active form on mediation of apoptosis.36 This 
cleavage generates a large (17-20 kd) and a small (3-12 kd) subunit. 
In fresh PMNs (Figure 3, lane B) caspase-3 was found mainly as a 
32-kd proenzyme. In contrast, PMNs cultured overnight without 
additions, undergoing spontaneous apoptosis (Figure 3, lane C), 
demonstrated decreased amounts of the proenzyme and a band of 
an approximately 17-kd cleavage product. G-CSF (Figure 3, lane 
D) inhibited caspase-3 activation, whereas zVAD-fmk-treated 
PMNs (Figure 3, lane E) showed no cleavage product but only 
inactive 32-kd proenzyme, indicating that caspase-3 activation was 
inhibited in these cells. 

We also stained PMNs for active caspase-3 with a mAb against 
a unique epitope of active caspase-3. This mAb does not recognize 
the inactive form of the enzyme. CLSM analysis showed that fresh 
PMN (Figure 4A) demonstrated only very weak staining, probably 
reflecting background staining or a negligible binding to inactive 
enzyme. In contrast, untreated, overnight-cultured PMN (Figure 
4B) showed a bright punctate staining for active caspase-3, 
demonstrating a significant amount of the active form of the 
enzyme in these cells. G-CSF (Figure 4C) considerably inhibited 
caspase-3 activation, because the cells were only slightly positive. 
As expected, zVAD-fmk-treated PMNs (Figure 4D) were as dark 
as fresh cells, demonstrating the absence of active caspase-3. 
Hence, Western blotting and CLSM results were in compliance 
with each other, demonstrating a strong correlation between PMN 
spontaneous apoptosis and caspase-3 activation, and a coincidence 
of the antiapoptotic effect of G-CSF and zVAD-fmk with inhibition 
of caspase-3 activation. 

Spontaneous PMN apoptosis associated with 
Bax-to-mitochondria translocation 

Next, we investigated a number of Bcl-2-related proteins. Levels 
of expression of Bax, Bak, Mel-1, and Bcl-XL were studied by flow 
cytometry with antibodies specific for each protein to be tested. We 
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Figure 2. Localization and staining patterns of mitochondria in PMNs. PMNs 
were incubated as described in Figure 1. Then the cells were stained with 100 nM 
MitoTracker Green FM and analyzed with CLSM. (A) In fresh cells the mitochondria 
showed a distinct tubular shape. (B) In PMNs cultured without additions the 
mitochondria relocalized into large unstructured aggregates. (C) G-CSF prevented 
the mitochondrial aggregate formation. (D) zVAD-fmk did not influence mitochondrial 
aggregation. Bar is 5 urn. Results are representative of at least 3 independent 
experiments. 

found that the expression levels of Bax were not significantly 
different between fresh PMNs and overnight-incubated PMNs. 
Neither G-CSF nor zVAD-fmk had any effect on its expression 
(Figure 5). Western blotting with anti-Bax antibody confirmed the 
flow cytometry data: Bax levels remained unchanged under all 
conditions tested (data not shown). Similar results were obtained 
for Bak. Mel-1. and Bcl-X( (data not shown). We also did not find a 
correlation between the expression of these Bcl-2 homologues and 
cell survival. Therefore, we conclude that the expression levels of 
the Bcl-2-related proteins studied by us were not subject to 
modulation during PMN apoptosis or its delay. 

Because we did not find quantitative changes in these proteins, 
we investigated possible qualitative changes. Recent studies have 
shown that Bax moves from the cytosol to the mitochondria on 
execution of apoptosis.8"" Using CLSM with costaining for 
mitochondria and Bax. we found that fresh PMNs (Figure 6A) 
showed a separate localization of Bax (red) and mitochondria 
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Figure 4. Activation of caspase-3 in PMNs. PMNs were cultured as described in 
Figure 1. Then the cells were fixed, permeabilized. stained with mAb specific for 
active caspase-3. and analyzed by CLSM. (A) Fresh PMNs showed faint background 
staining. (B) Overnight-cultured untreated PMNs revealed a bright punctate staining 
representing active caspase-3. (C) G-CSF strongly inhibited caspase-3 activation. 
(D) Cells treated with zVAD-fmk did not demonstrate active caspase-3. Bar is 5 urn. 
Results are representative of at least 3 independent experiments. 

(green). (Note: due to the fixation/permeabilization procedure, 
mitochondrial staining showed a more diffuse cytoplasmic pattern 
than the tubular structures shown in Figure 2, panels A and C.) In 
contrast, in overnight cultured, untreated PMNs (Figure 6B). 
mitochondria and Bax colocalized into large aggregates with a shift 
in fluorescence to yellow. G-CSF (Figure 6C) prevented this 
aggregate formation and colocalization of Bax with mitochondria, 
whereas zVAD-fmk (Figure 6D) did not. Bak. Mcl-1. and Bcl-X| 
did not change their punctate localization separate from mitochon
dria under any condition tested (data not shown). 

Normal externalization of phosphatidylserine and caspase-3 
activation in cytoplasts 

Recently, a mitochondria-independent route of caspase activation 
has been proposed to exist.37 To check this possibility in PMNs. we 
generated so-called cytoplasts. that is. enucleated PMNs that lack 
granules and mitochondria. Thus, cytoplasts are vesicles filled with 
cytoplasm, which maintain the integrity of the plasma membrane." 
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Figure 3. Procaspase-3 cleavage in PMNs. PMNs were incubated as described in 
Figure 1. Then whole cell lysates were subjected to SDS-PAGE. and Western blot 
was performed with an anticaspase-3 polyclonal antibody and an HRP-conjugated 
secondary antibody. (A) Positive control with procaspase-3 (Jurkat T cells). (B) Fresh 
PMNs. (C| In PMNs incubated without stimuli procaspase-3 was cleaved, and a 
17-kd cleavage product appeared. (D) Addition of G-CSF considerably prevented 
procaspase-3 cleavage. (E) zVAD-fmk completely inhibited procaspase-3 process
ing. Results are representative of 3 independent experiments. 
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Figure 5. Expression levels of Bax in PMNs. PMNs were cultured as described in 
Figure 1. Then the cells were fixed, permeabilized, stained with antibodies specific for 
Bax or with isotype control antibodies (control bars), and analyzed by FACScan. After 
overnight culturing. the expression of Bax had slightly increased, but this change was 
not significant. Treatment of the cells with either G-CSF or with zVAD-fmk had no 
effect on Bax expression. Data represent means ± SEM of MFI from 6 independent 
experiments. 
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Figure 6. Relocalization of Bax to the mitochondria in PMNs. PMNs were 
cultured as described in Figure 1. Then the cells were stained with 1 p.M MitoTracker 
Green FM. fixed, permeabilized. stained with antibody specific for Bax. and were 
analyzed with CLSM. (A) in fresh PMN Bax and the mitochondria were localized 
separately. (B) Overnighl-cultured untreated cells demonstrated fusion of Bax and 
mitochondria into large aggregates (right panel in yellow). (C) Addition of G-CSF 
preserved the separate localization of Bax and mitochondria. (D) zVAD-fmk did not 
prevent aggregate formation and colocalization of Bax and mitochondria. (Comment: 
due to the fixation and permeabilization procedures, the mitochondrial staining 
[green] showed a more diffuse cytoplasmic pattern than the tubular structures shown 
in Figure 2, panels A and C). Bar is 5 p.m. This figure is representative of at least 4 
independent experiments. 

Cytospins stained with May-Griinwald-Giemsa stain showed 
thai more than 99'7< of the cytoplasts indeed had no nucleus. 
Neither MitoTracker nor the mAb against a cytochrome c 
oxidase component revealed the presence of any mitochondria 
in cytoplasts (not shown). Annexin-V staining was negative in 
96.1% ± 3.3% of freshly prepared cytoplasts (Figure 7A). 
Similar to PMNs. during overnight culture without stimuli 
cytoplasts underwent membrane "flip-flop." with exposure of 
phosphatidylserine residues on the outer layer of the plasma 
membrane, leading to 64.5% annexin-V' cytoplasts 
(35.5% ± 3.3% annexin-V cells [Figure 7B; compare with 
PMN data in Figure IB)I. Next, we studied caspase-3 activation 
in cytoplasts by Western blotting. Fresh cytoplasts (Figure 8. 
lane B) contained only the 32-kd proenzyme. After overnight 
culturing. cytoplasts (Figure 8. lane C) demonstrated caspase-3 
processing with appearance of the same 17-kd cleavage product 
as in neutrophils. CLSM data supported these findings, showing 
no active caspase-3 in fresh cytoplasts (Figure 9A) and a bright 
punctate distribution of active caspase-3 in cytoplasts undergo
ing spontaneous apoptosis (Figure 9B). Hence, caspase-3 was 
"normally'" activated even in the absence of a nucleus and 
mitochondria. Further, we investigated Bax behavior in cyto-
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Figure 7. Survival of cytoplasts. Freshly prepared cytoplasts as well as cytoplasts 
cultured overnight without additions, with 500 ng/mL G-CSF or 400 (imol/L zVAD-fmk 
were stained with annexin-V and were analyzed by FASCscan. Cytoplasts without 
annexin-V staining were counted as viable cytoplasts (lower left quadrant on each 
plot). Survival was expressed as the percentage of viable cytoplasts in the total 
cytoplast population. (A) Almost all fresh cytoplasts were alive. (B) Untreated 
cytoplasts cultured overnight underwent spontaneous apoptosis. (C) Addition of 
G-CSF had no effect on cytoplast survival. (D) zVAD-fmk significantly increased 
cytoplast survival (*P < .05 versus untreated and G-CSF-treated cytoplasts) Values 
represent means : SEM of 3 separate experiments. 

plasts. This protein appeared to be present in fresh cytoplasts. 
but did not change its punctate distribution after overnight 
culturing without additions (figure not shown). We conclude that 
cytoplasts possess an intact apoptotic machinery, which induces 
"flip-flop" of the phosphatidylserine residues on the outer layer 
of the plasma membrane and caspase-3 activation in the absence 
of a nucleus and mitochondria, but does not require Bax 
redistribution. 

G-CSF effect on survival and caspase-3 activation in cytoplasts 

Because G-CSF needs to bind to a specific surface receptor to 
mediate its effects in PMNs.'" we investigated the expression of 
the G-CSF receptor on cytoplasts by flow cytometry. The MFI of 
bound anti-G-CSF receptor mAb was 193 ± 22 in PMNs. and 
88 ± 10 in cytoplasts (data represent mean ± SFM of the MFI 
from 3 separate experiments). The difference in MFI between 
PMNs and cytoplasts is due to the fact that the cell surface area 
of PMNs is 2 to 3 times larger than that of cytoplasts.i: 

Moreover, the number of G-CSF receptors on the cell surface is 
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Figure 8 Procaspase-3 cleavage in cytoplasts. Cytoplasts were incubated as 
described in Figure 7. Then whole cytoplast lysates were sub|ected to SDS-PAGE, 
and Western blot was performed with an anticaspase-3 polyclonal antibody and an 
HRP-conjugated secondary antibody. (A) Positive control with procaspase-3 (Jurkat 
T-cells). (B) Freshly prepared cytoplasts demonstrated only 32-kd procaspase-3. (Cl 
In cytoplasts incubated without stimuli procaspase-3 was cleaved and a 17-kd 
cleavage product appeared (D) Addition of G-CSF did not prevent procaspase 3 
cleavage and appearance of a 17-kd cleavage product. (E) zVAD-fmk completely 
inhibited procaspase-3 processing. Results are representative of 3 independent 
experiments 
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Figure 9. Activation of caspase-3 in cytoplasts. Cytoplasls were cultured as 
described in Figure 7. Then the cytoplasts were fixed, permeabilized, stained with 
mAb specific for active caspase-3, and analyzed by CLSM. (A) Fresh cytoplasts 
showed faint background staining. (B,C) Overnight-cultured untreated or G-CSF-
treated cytoplasts, respectively, revealed bright punctate staining representing active 
caspase-3. (D) Cells treated with zVAD-fmk did not demonstrate active caspase-3. 
Bar is 5 urn. Results are representative of at least 3 independent experiments. 

not critical for the impact of G-CSF on cells, because the 
ligation of only a small fraction of the receptors is already 
sufficient to mediate the maximal biologic response.39 Although 
the expression of the G-CSF receptor on cytoplasts can be 
considered to be adequate, addition of G-CSF to the culture 
medium had no effect on cytoplast apoptosis (35.7% ± 9.0% 
annexin-V_ cells), in contrast to the delay of PMN apoptosis by 
G-CSF (compare Figure 7C and Figure 1C). Furthermore, in 
cytoplasts, G-CSF prevented neither caspase-3 processing (Fig
ure 8, lane D) nor the appearance of active caspase-3 (Figure 
9C), whereas G-CSF prevented caspase-3 processing and activa
tion in PMNs (Figure 3, lane D, and Figure 4C). At the same 
time, zVAD-fmk (Figure 7D) reduced cytoplast apoptosis 
(91.5% ± 6.1% annexin-V" cytoplasts) and inhibited caspase-3 
activation (Figure 8, lane E, and Figure 9D). Similar effects of 
zVAD-fmk were found in PMNs (Figure ID, Figure 3, lane E, 
and Figure 4D). Bax remained punctate under either treatment (not 
shown). We suppose that the G-CSF prosurvival effect and caspase-3 
inhibiting action in PMNs are transcription-dependent events. 

CHX abolishes the antiapoptotic effect of G-CSF in intact PMNs 

To support a protein synthesis-dependent character of the G-CSF 
prosurvival effect, we used CHX, a well-known inhibitor of protein 
synthesis. The overnight survival of untreated PMNs, which was 
23.5% ± 2.5% in this set of experiments (Figure 10A), was not 
disturbed by addition of the small dose of CHX (5 u.g/mL; Figure 
10B; 23.1% ± 2.0% surviving PMNs). G-CSF protected 
59.7% ± 5.5% PMNs from apoptosis (Figure IOC). At the same 
time, when coincubated overnight, CHX completely abrogated the 
prosurvival effect of G-CSF, with 28.7% ± 5.3% surviving cells 
(Figure 10D). Hence, this provides additional evidence that the 
G-CSF prosurvival effect is a strictly protein synthesis-dependent 
event in PMNs. 
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Discussion 

In our study, we examined the mechanisms of apoptosis in PMNs. 
Using a specific fluorescent mitochondrial stain and a mAb against 
a mitochondrial cytochrome c oxidase component, we found that 
PMNs do contain mitochondria. One of the possible routes of 
apoptosis in PMNs is mitochondria dependent and includes Bax-to-
mitochondria translocation with subsequent executioner caspase 
activation. Our findings demonstrate that the G-CSF prosurvival 
effect coincides with prevention of mitochondrial clustering and 
Bax translocation, with concomitant inhibition of caspase-3 activ
ity and retardation of apoptosis. This might be a possible route of 
G-CSF prosurvival action. At the same time, the general caspase 
inhibitor zVAD-fmk was found to inhibit caspase-3 and to delay 
PMN apoptosis without blocking the Bax-to-mitochondria translo
cation. In previous work with a cell-free apoptosis system40 and 
human embryonic kidney cells,41 it has also been shown that 
zVAD-fmk, despite caspase inhibition and prevention of apoptosis, 
was not able to prevent mitochondrial dysfunction and cytochrome 
c release. Apparently, Bax redistribution and mitochondrial dysfunc
tion may be required but are not sufficient to induce apoptosis. 
Only if Bax translocation results in caspase-3 activation, as in 
untreated, overnight-cultured PMNs, does apoptosis of PMNs 
occur. This statement is supported by the finding that neither 
mitochondria nor Bax individually induce proteolytic processing 
and activation of caspases.42 Thus, our results support a dominant 
role of the executioner caspases in the downstream events of the 
apoptotic process in PMNs. 

Experiments with PMN cytoplasts revealed additional features 
of the PMN apoptotic machinery and the G-CSF antiapoptotic 
effect in PMN. In the absence of a nucleus and mitochondria, 
cytoplasts underwent apoptotic changes, that is, phosphatidylserine 
exposure and caspase-3 activation, reminiscent of intact PMNs. 
Furthermore, even in "apoptotic" cytoplasts, Bax preserved a 
punctate distribution, showing no clustering as seen in PMNs. This 

Figure 10. Inhibition of the prosurvival effect of G-CSF in PMNs by CHX. PMNs 
were cultured overnight without additions, with 5 ng/ml_ CHX, with 500 ng/mL G-CSF. 
or with the combination of CHX and G-CSF. Then the cells were stained and analyzed 
by FACScan as described in Figure 1.(A) Untreated cell cultures overnight demon
strated a basal level of survival. (B) A low dose of CHX had no effect on basal survival. 
(C) G-CSF significantly increased survival ('P < .05 versus untreated cells). (D) The 
presence of CXH in the G-CSF culture abrogated the prosurvival effect of G-CSF 
(#P > .05 versus untreated cells). Values represent means = SEM of 3 separate 
experiments. 



underscores that in PMNs mitochondria serve as "docking sites" 
for Bax, and Bax movement to mitochondria is an important step in 
the activation of the mitochondria-dependent route of apoptosis in 
PMNs. In addition, there must be a second, mitochondria-
independent route of PMN apoptosis, which was evident in 
cytoplasts. Activation of this alternative route may explain the 
observation that G-CSF is unable to completely prevent apoptosis 
in intact PMNs. 

In cytoplasts, G-CSF did not prevent caspase-3 activation and 
phosphatidylserine "flip-flop," and thus it showed no prosurvival 
effect. In PMNs, where the protein synthesis apparatus is intact, 
G-CSF had a prominent antiapoptotic effect. This indicates that 
agents like G-CSF, in line with previous findings, require de novo 
protein synthesis to produce a prosurvival effect.26-27 Experiments 
with CHX, in which this inhibitor of protein synthesis prevented 
the prosurvival effect of G-CSF, gave additional support for this 
idea. On the other hand, considering the absence of mitochondria in 
PMN-derived cytoplasts, these data also indicate a mitochondria-
dependent character of the G-CSF antiapoptotic action in intact PMNs. 

Which protein(s) are needed for the antiapoptotic effect of 
G-CSF remain to be determined. A logical suggestion would be that 
an antiapoptotic Bcl-2 family member is involved, especially 
because Bcl-2 itself has been shown to prevent Bax-to-mitochon-
dria translocation.1114 But PMNs, either when freshly isolated or 
apoptotic, do not express Bcl-2,23'24'43 and the antiapoptotic Bcl-2-

related proteins tested in our study, Mcl-1 and Bcl-Xi., were found 
not to change their expression levels on execution of apoptosis. 
Probably, G-CSF is responsible for the synthesis of another 
Bcl-2-related candidate, or some different protein, for example, the 
upstream caspase-8 inhibitor FLIP, which has been shown in 
several recent publications to be up-regulated in endothelial 
cells,44'45 macrophages,46 T cells,47 and B cells48 under prosurvival 
conditions. The other apoptosis route, as observed in PMN-derived 
cytoplasts, does not require mitochondria and Bax translocation. 
Nevertheless, caspase-3 activation is also involved in this route, 
being a final executioner of cell fate. Evidently, G-CSF has no 
effect on this mitochondria-independent pathway of apoptosis. 

In conclusion, PMNs share with other cell types the ability to 
translocate Bax to mitochondria during apoptosis. However, we 
have demonstrated that apoptosis in PMNs is not strictly dependent 
on Bax translocation, as is supported by studies in Bax~'~ mice.49'50 

Although not formally studied in CCP32-'- models,1551 the role 
for caspase-3 in neutrophil apoptosis may also be not as exclusive 
and absolute as suggested. G-CSF is a clinically relevant growth 
factor with a strong effect on promoting the life span of neutrophils 
in vitro and in vivo. Apart from the possible existence of additional 
and as yet uncharacterized routes in apoptosis, our data have now 
clearly demonstrated the mechanism of action as well as the 
mitochondria-dependent character of the G-CSF survival effect in 
intact PMNs. 
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Chapter III 
Tumor necrosis factor a induces a caspase-independent death 
pathway in human neutrophils 
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Tumor necrosis factor a (TNF-a) is a cyto
kine with multiple rotes in the immune sys
tem, including the induction and potentia
tion of cellular functions in neutrophils 
(PMNs). TNF-a also induces apoptotic sig
nals leading to the activation of several 
caspases. which are involved in different 
steps of the process of cell death. Inhibition 
of caspases usually increases cell survival. 
Here, we found that inhibition of caspases 
by the general caspase inhibitor zVAD-fmk 
did not prevent TNF-a-induced PMN death. 
After 6 hours of incubation, TNF-a alone 
caused PMN death with characteristic apop
totic features (typical morphologic changes, 
DNA laddering, external phosphatidyl serine 

Introduction 

[PS] exposure in the plasma membrane, 
Bax clustering and translocation to the mito
chondria, and degradation of mitochondria), 
which coincided with activation of caspase-8 
and caspase-3. However, in the presence of 
TNF-a, PMNs died even when caspases 
were completely inhibited. This type of cell 
death lacked nuclear features of apoptosis 
(ie, no DNA laddering but aberrant hyper-
lobulated nuclei without typical chromatin 
condensation) and demonstrated no Bax 
redistribution, but it did show mitochondria 
clustering and plasma membrane PS expo
sure. In contrast, Fas-triggered PMN apopto
sis was completely blocked by zVAD-fmk. 
Experiments with scavengers of reactive 

oxygen species (ROS) and with inhibitors of 
mitochondrial respiration, with PMN-de-
rived cytoplasts (which lack mitochondria) 
and with PMNs from patients with chronic 
granulomatous disease (which have im
paired nicotinamide adenine dinucteotide 
phosphate [NADPH] oxidase) indicated that 
TNF-a/zVAD-fmk-induced cell death de
pends on mitochondria-derived ROS. Thus, 
TNF-a can induce a "classical," caspase-
dependent and a "nonclassical" caspase-
independent cell death. (Blood. 2003:101: 
1987-1995) 

Tumor necrosis factor a (TNF-a) provides a wide variety of 
biologic signals, which are involved in the regulation of cell death 
and participate in the governing of immune homeostasis.1 TNF-a 
has been shown to play a crucial role in the pathogenesis of 
inflammatory diseases, such as rheumatoid arthritis, adult respira
tory distress syndrome, and sepsis.2'1 However, TNF-a is also able 
to exert anti-inflammatory effects.5,6 The antiphlogistic potential of 
this cytokine can be ascribed, at least partly, to its ability to 
accelerate the apoptosis of neutrophils (PMNs), which are major 
effector cells of inflammation. Apoptotic cell death constitutes a 
powerful way of curtailing PMN-mediated reactions, providing a 
safe clearance of these potentially toxic cells.7 Moreover, the 
uptake of apoptotic cells by resident macrophages has an immuno
suppressive effect, which gives an additional beneficial contribu
tion to the control of inflammatory reactions.8 The proapoptotic 
effect of TNF-a on PMNs has been well documented,914 although 
opposite results have also been published.1516 Probably, this 
controversy can be explained by the findings that the effect of 
TNF-a on PMN survival may depend on the concentration of the 
cytokine17 as well as on the duration of stimulation and the initial 
functional capacity of the PMNs before exposition to TNF-a." 

The mechanism of apoptosis induction by TNF-a is closely 
related to the cascade of apoptotic cysteine proteases known as 

caspases, which represent a group of enzymes responsible for 
initiation and execution of apoptosis.1819 A death signal from the 
TNF-a receptor is transduced to an adapter protein, TNF-a 
receptor-associated death domain (TRADD), which uses the next 
adapter protein, Fas receptor-associated death domain (FADD). to 
organize the death-inducing signaling complex (DISC).20 DISC 
recruits and activates the upstream initiator caspase-8, providing 
therefore activation of downstream effector caspases and the final 
steps of the apoptotic program.20-21 Inhibition of caspases, for 
example, by certain peptide ketones, which mimic the active site of 
the enzyme,22 has been shown to dramatically increase cell survival 
in various cell types, including PMNs.1314'23-24 

In our study, investigating the effects of TNF-a on PMN 
survival, we faced an unexpected phenomenon. We confirmed a 
central role for caspases in TNF-a-mediated apoptosis of PMNs, 
but at the same time we found that inhibition of caspases did not 
rescue PMNs from death in the presence of TNF-a but instead 
enhanced an as yet unidentified form of PMN death. Our experi
ments indicate that in PMNs 2 death pathways are induced by 
TNF-a: one is the predominant "classical" caspase-dependent 
apoptosis, whereas the other is a "nonclassical" death route, which 
becomes apparent when caspases are fully inhibited and involves 
mitochondria-derived reactive oxygen species (ROS). 

From the Sanquin Research at Central Laboratory of the Netherlands Blood 
Transfusion Service, Landsteiner Laboratory, and Emma Children's Hospital, 
Academic Medical Center, University of Amsterdam, Amsterdam, The 
Netherlands: and Medical Academy, Nizhniy Novgorod, Russia. 
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Materials and methods 

PMN purification and culturing 

Heparinized venous blood was collected from healthy volunteers and 3 
patients with chronic granulomatous disease (CGD) after obtaining in
formed consent, and PMNs were isolated as described.25 Briefly, 20 mL 
blood was diluted with 20 mL 10% trisodium citrate/phosphate-buffered 
saline (PBS). Mononuclear cells and platelets were removed by density 
gradient centrifugation over isotonic Percoll (Pharmacia, Uppsala, Sweden) 
with a specific gravity of 1.076 g/mL. Erythrocytes were lysed by short 
treatment of the pellet fraction with an ice-cold isotonic NH4C1 solution 
(155 mM NH4CI, 10 mM KHCO3,0.1 mM EDTA [ethylenediaminetetraace-
tic acid], pH 7.4). The remaining PMNs were washed once in PBS and used 
for further manipulations. In all cases cell purity was more than 97%. PMNs 
were resuspended at a final concentration of 2 x 106/mL in Iscoves 
modified Dulbecco medium (BioWhittaker, Brussels, Belgium) supple
mented with 10% heat-inactivated fetal calf serum (FCS; Gibco BRL, 
Paisley, United Kingdom), penicillin 100 IU/mL (Yamanouchi, Tokyo, 
Japan), streptomycin 100 u,g/mL (Gibco BRL), and glutamine 300 u,g/mL. 
One milliliter of cell suspension was put in each well of 24-well plates 
(NUNC Brand Products, Roskilde, Denmark) and was incubated for 6 hours 
in a 5% C02 incubator at 37°C. PMNs were cultured with 20 ng/mLTNF-a 
(Calbiochem, Bad Soden, Germany), with 150 u,M z-Val-Ala-DL-Asp-
fluoromethylketone (zVAD-fmk;, Alexis Biochemicals, San Diego, CA), 
with 5 mM N-acetyl-L-cysteine (NAC; Sigma, St Louis, MO) or with 
indicated combinations. Normal PMNs were also incubated with 500 
ng/mL mouse anti-Fas (CD95) monoclonal antibodies (Abs; clone CH11; 
Immunotech, Marseille, France), with 10 mM 4,5-dihydroxy-l,3-benzene 
disulfonic acid (tiron; Sigma), with 100 u-M rotenone (Sigma), with 2 mM 
sodium azide (Calbiochem), with 300 u.M thenoyltrifluoroacetone (TTFA; 
Sigma) alone or in a combination with zVAD-fmk or TNF-a/zVAD-fmk, 
where indicated. When the combinations of reagents were used, they were 
added in culture medium simultaneously. The incubation time and the 
concentrations were found to be optimal in preliminary experiments (data 
not shown). Control PMNs were cultured without additions (no stimulus). 
Because of longer transportation time, CGD neutrophils as well the healthy 
day-control cells were purified and cultured in a "delayed" manner (delayed 
cultures), ie, 4 to 5 hours after collection of the blood sample. 

Cytoplast preparation and culturing 

PMNs were isolated from the buffy coat of 500 mL fresh blood from 
volunteer donors, as described in "PMN purification and culturing." 
Cytoplasts were prepared from 108 PMNs as described previously.26 

Briefly, PMNs were centrifuged through a discontinuous Ficoll-70 (Sigma) 
gradient (12.5%, 16%, 25%) prewarmed to 37°C, containing 5 u.g/mL 
cytochalasin B (Sigma). Centrifugation was performed for 30 minutes at 
34°C in a model L2-65B ultracentrifuge with an AH-629 rotor (Beekman 
Instruments, Fulierton, CA) at 81 OOOg. After centrifugation, the top band 
of cellular material was collected. This band was composed of more than 
99% of cytoplasts, as assessed by light microscopy of cytospins stained 
with May-Griinwald-Giemsa solution. Cytoplasts were recognized by their 
absence of a nucleus. Following several washings in PBS, cytoplasts were 
resuspended at a final concentration of 8 x 106 per mL in the culture 
medium and were incubated overnight (16 hours) under conditions 
indicated in Figure 7. This duration of culture induced maximal differences 
in cytoplast apoptosis between tested conditions (data not shown). 

Measurement of cell death 

After 6 hours of incubation, PMNs were split into 2 portions, which were 
washed once in ice-cold PBS. One portion was stained with the annexin-V-
fluorescein isothiocyanate (FITQ/propidium iodide (PI) apoptosis assay kit 
(Bender MedSystems, Vienna, Austria) and analyzed by fluorescence-
activated cell sorter scan (FACScan; Becton Dickinson, San Jose, CA) as 
described previously.24 Dead cells were defined as positive for annexin-V-
FITC or for annexin-V-FITC/PI staining. Cell death was expressed as a 

percentage of dead cells in relation to the total number of counted cells. The 
number of cells recovered after culture was similar under all conditions 
tested and was close to 90% of the initial input of cells. Another portion of 
PMNs (2-3 x 105 cells) was used for preparation of cytospins stained with 
May-Griinwald-Giemsa solution. The cytospins were estimated by light 
microscopy for morphologic changes in PMNs (described in "Results"). A 
minimum of 300 cells was scored for each sample, and the percentages of 
dead PMNs were determined. Cytoplast death was assessed by annexin-V-
FITC binding as described earlier, without the PI step, with 4 X 105 

cytoplasts for each preparation. Annexin-V+ cytoplasts were considered to 
be dead. 

Western blotting 

The cleavage of caspase-8 and caspase-3 was determined by Western 
blotting. Whole cell lysates were obtained by boiling 0.5 x 106 PMNs in 
sodium dodecyl sulfate (SDS) sample buffer with 2% mercaptoethanol for 5 
minutes. Proteins were resolved on 15% SDS-polyacrylamide gel by 
electrophoresis (PAGE) and were electrotransferred to Immun-BIot polyvi-
nylidene diflouride (PVDF) membrane (BioRad Laboratories, Hercules, 
CA). The blots were sequentially probed with monoclonal mouse antihuman-
caspase-8 Abs (clone 1C12; Cell Signaling Technology, Beverly, MA), 
which recognize full-length caspase-8 as well as its fragments; with 
polyclonal rabbit antihuman-caspase-3 Abs (Pharmingen, San Diego, CA), 
which recognize both inactive procaspase-3 and its cleavage product; and 
with polyclonal rabbit antihuman-Bax Abs (Pharmingen). All indicated Abs 
were used at a final dilution of 1:1000. After exposure to each primary' Ab, 
the blots were incubated with appropriate secondary Abs conjugated with 
horseradish peroxidase (Amersham, Arlington Height, IL) at a final dilution 
of 1:2500, followed by band visualization with an enhanced chemilumines-
cence kit as described by the manufacturer (Amersham). This reprobing 
was successful because of a different exposition time required for visualiza
tion of the proteins of interest. For caspase-8-related bands it was 
approximately 30 minutes, for caspase-3 and its cleavage product 5 
minutes, and for Bax protein less than 1 minute. 

Agarose gel electrophoresis of DNA 

DNA was extracted from 5 X 106 freshly isolated PMNs or from PMNs 
treated under conditions indicated in Figure 3 by a PureGene DNA isolation 
kit (Gentra Systems, Minneapolis, MN) in accordance with the manufactur
er's instructions. Isolated DNA was electrophoresed in a 1.2% agarose gel 
containing ethidium bromide, and the gels were photographed under 
ultraviolet light. 

Assessment of p38 MAP kinase phosphorylation 
in PMNs and cytoplasts 

After purification, PMNs and cytoplasts were resuspended in culture 
medium at final concentrations of 2 x 106/mL and 8 x 106/mL, respec
tively, and were incubated without or with 20 ng/mLTNF-a for 10 minutes 
in a water-bath at 37°C. Thereafter, whole cell lysates were prepared, and 
Western blotting was performed as described earlier with 1 x 106 cytoplast 
or 0.5 X 106 PMN equivalents per lane. The blots were probed with 
phosphospecific polyclonal rabbit Abs against human p38 mitogen-
activated protein (MAP) kinase (Cell Signaling Technology), which 
selectively recognize phosphorylated p38. To determine protein loading, 
reprobe was performed with polyclonal rabbit Abs against total p38 (Santa 
Cruz Biotechnology, Santa Cruz, CA), which bind to p38 irrespectively of 
its phosphorylation state. 

Confocal laser scanning microscopy (CLSM) 

For the mitochondrial staining, MitoTracker GreenFM (Molecular Probes, 
Eugene, OR) was used. To estimate mitochondrial morphology, unfixed 



PMNs were stained with 100 u.M MitoTracker GreenFM and were analyzed 
by a confocal laser scanning microscope (LSM510; Carl Zeiss, Heidelberg, 
Germany) as described.2'1 To obtain simultaneous staining of mitochondria 
and Bax protein, PMNs were stained with 1 mM MitoTracker GreenFM. 
Thereafter, the cells were fixed with 2% paraformaldehyde, permeabilized 
in staining buffer containing 0.1% saponin (wt/vol; Calbiochem) and \% 
(wt/vol) bovine serum albumin (Sigma), and were labeled by polyclonal 
rabbit antihuman-Bax Abs (final dilution 1:250; Pharmingen) followed by 
secondary staining with AlexaFluor-568-conjugated goat antirabbit immu
noglobulin G (Molecular Probes) at a final concentration of 2.5 p-g/mL as 
has been previously described.24 After staining, at least 300 PMNs were 
counted in each sample, and the percentages of cells with prevailing 
morphology (images shown in Figures 4-5) were determined, as indicated 
in the legends of Figures 4-5. 

Statistics 

Where applicable, values were compared by one-way analysis of variance 
(ANOVA) with Bonferroni posttest using GraphPad Prism version 3.0 
software. Differences were accepted as significant at P < .05. 

Results 

TNF-a alone induces classical apoptosis in PMNs 

Already after 6 hours of culture, untreated PMNs underwent 
spontaneous apoptosis, with 31.9% ± 2 . 5 % of the cells being 
annexin-V+ (Figure 1A, No stimulus). Typical apoptotic morphol
ogy, including rounding of nuclei, pronounced chromatin condensa
tion, and cell shrinkage, was displayed by 34.2% ± 2.0% of 
untreated PMNs (Figure IB, top left; apoptotic cells shown by 
arrowheads). After 6 hours of treatment with TNF-a, the fraction of 
annexin-V+ PMNs slightly but significantly increased to 
40.0% ± 4.3% (Figure 1 A, TNF-a). When scored by morphologic 
changes, the proportion of PMNs with classical apoptotic features 
amounted to 74.0% ± 4.3% in the presence of TNF-a (Figure IB, 
top right). These data are consistent with previous observations that 
at early time points TNF-a is indeed able to induce apoptosis in 
p M N s . l 1,13.14 

Inhibition of caspases in the presence of TNF-a leads PMNs 
to an aberrant death different from apoptosis 

We subsequently studied the activation of initiator caspase-8 and 
executioner caspase-3 in PMNs by Western blotting. In freshly 
isolated PMNs caspase-8 was present as a 57- to 55-kd precursor 
protein (Figure 2A, lane 1). and caspase-3 appeared as a 32-kd 
proenzyme (Figure 2B, lane 1). These bands represent the full-
length procaspases.13,27 PMNs that had undergone spontaneous 
apoptosis on culturing without stimuli displayed the initial activa
tion of caspase-8 with the appearance of the large cleavage 
fragment of 43 to 41 kd (Figure 2A, lane 2). Caspase-3 was 
partially cleaved into the 17-kd fragment (Figure 2B, lane 2). 
Stimulation with TNF-a caused a more pronounced activation of 
caspase-8 and caspase-3. The 57- to 55-kd procaspase-8 was 
completely degraded into smaller fragments, including the active 
18-kd fragment28 (Figure 2A, lane 4), and the 32-kd procaspase-3 
was entirely processed to the active 17-kd product (Figure 2B. 
lane 4). 

Next, we checked whether inhibition of caspases could 
abrogate the proapoptotic effects of TNF-a. For this purpose the 
broad-spectrum caspase inhibitor zVAD-fmk was used. When 
used alone, this agent significantly reduced apoptotic membrane 
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changes (18.6% ± 2.0% annexin-V+ PMNs; Figure 1A, zVAD-
fmk) as well as morphologic features of apoptosis (9.4% ± 2.5% 
cells with apoptotic morphology; Figure IB, bottom left), when 
compared with untreated PMNs (Figure 1A-B, No stimulus). 
Moreover, zVAD-fmk completely inhibited activation of 
caspase-8 (Figure 2A, lane 3) and caspase-3 (Figure 2B, lane 3), 
because no cleavage products were detectable, and the enzymes 
were only present as full-length precursors in the lysates from 
zVAD-fmk-treated PMNs. 

Unexpectedly, addition of zVAD-fmk to TNF-a did not rescue 
PMNs from death. Instead, after such treatment, 52.4% ± 4.7% of 
the PMNs became annexin-V+, as shown in Figure 1A (TNF-a + 
zVAD-fmk plot). These PMNs had an aberrant appearance (Figure 
IB, bottom right): some cells (open arrow) were enlarged, with 
expanded disintegrated chromatin and visible vacuolization, whereas 
others (closed arrow) had hyperlobulated nuclei with moderately 
condensed chromatin (this picture is different from classical 
apoptotic features shown in Figure IB, top left and top right). The 
proportion of such unusual cells in the TNF-a/zVAD-fmk prepara
tion was 40.0% ± 6.2%, whereas typical apoptotic morphology 
was noted in 9.4% ± 4.3% of the PMNs treated with this combina
tion. The latter value is similar to the level of morphologic 
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Figure 1. Death of PMNs. (A-B) PMNs were cultured for 6 hours without additions, 
with 20 ng/mL TNF-a, with 150 | iM zVAD-fmk, or with the combination o( these 
agents, and cell death was assessed (A) by FACScan analysis ot annexin-V-FITC/PI 
staining and (B) by morphologic examination of cytospins stained with May-Grünwald-
Giemsa stain (for quantitative data see C). Arrowheads indicate PMNs that have 
undergone spontaneous or TNF-a-induced apoptosis with typical apoptotic morphol
ogy; closed and open arrows depict PMNs with aberrant morphology appeared after 
TNF-o/zVAD-fmk treatment (see "Results" for details). (C) Quantitative data obtained 
by FACScan analysis and cytospin evaluation of PMNs treated for 6 hours under the 
conditions as indicated. Dosage of additions: TNF-a and zVAD-fmk, as indicated for A 
and B; anti-Fas monoclonal Abs, 500 ng/mL. 'P < .05. Data represent means ± SEM 
of 4 to 8 separate experiments performed in duplicate. 
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Figure 2. Cleavage of caspase-8 and caspase-3 in PMNs. Whole-cell lysates Irom 
freshly isolated PMNs (lane 1), from PMNs cultured for 6 hours without additions 
(lane 2). with 150 y.M zVAD-fmk (lane 3). with 20 ng/mLTNF-a (lane 4). or with the 
TNF-u/zVAD-lmk combination (lane 5) were subjected to SDS-PAGE. Western blot 
was performed with anli-caspase-8 monoclonal Abs (A). Then the blot was reprobed 
with anti-caspase-3 polyclonal Abs (B). The expression of Bax protein determined by 
anti-Bax polyclonal Abs was used as a measurement for equal protein loading (C). 
Results are representative of 3 independent experiments. 

apoptosis found when PMNs were treated with zVAD-fmk alone, 
as summarized in Figure IC. Notably, the fraction of aberrant cells 
was negligible among untreated or TNF-a-treated PMNs and very 
low in the presence of zVAD-fmk alone (< 3%). Of importance, 
the aberrant death of PMNs induced by TNF-a/zVAD-fmk pro
ceeded despite the absence of any detectable activation of caspase-8 
(Figure 2A, lane 5) or caspase-3 (Figure 2B. lane 5). The 
equivalence of protein loading was established by Bax protein 
expression (Figure 2C). which has been previously shown to be 
stable in PMNs by us24 and various other groups.29-31 

To investigate the role of protein synthesis in the TNF-a/zVAD-fmk 
death pathway. PMNs were also tested in the presence of cyclohexi-
mide. However, transcription blockade showed no effect on TNF-a/ 
zVAD-fmk-induced cytotoxicity in PMNs (data not shown). 

Taken together, these results indicate that TNF-a can induce 2 
different death signals in PMNs. one caspase dependent and 
another caspase independent. 

No DNA laddering in TNF-a/zVAD-fmk-treated PMNs 

To further characterize the caspase-independent cell death in 
PMNs. we investigated DNA laddering. Internucleosomal DNA 
degradation is a hallmark of apoptosis."2 Indeed. DNA from PMNs 
that had been incubated with TNF-a for 6 hours demonstrated a 
typical laddering pattern, indicating internucleosomal cleavage 
characteristic for apoptosis (Figure 3). In contrast, the electro-
phoretic pattern of DNA extracted from TNF-a/zVAD-fmk-treated 
PMNs was similar to that of fresh, untreated, or zVAD-fmk-treated 
cells, cultured for 6 hours (Figure 3). Thus, also in this respect. 
TNF-a/zVAD-fmk-induced PMN death appeared to be different 
from typical apoptosis. 

zVAD-fmk prevents Fas-receptor-induced apoptosis in PMNs 

The Fas/Apo-l/CD95 system shares common death signaling 
pathways with the TNF-a-receptor. Both receptors belong to the 
TNF/nerve growth factor receptor family ö and can recruit the same 

adapter protein. FADD. forming the DISC to mediate death signals 
to the caspase cascade.2021 As shown in Figure IC. ligation of the 
Fas-receptor with agonistic anti-Fas monoclonal Abs CH-1123U 

led PMNs after a 6-hour culture to pronounced apoptosis. with 
59.9% ± 4.7% of annexin-V" cells and 83.3% ± 5.2% of cells 
with a typical apoptotic morphology (compare with Figure IC. No 
stimulus). However, induction of apoptosis by anti-Fas monoclonal 
Abs was almost completely prevented by zVAD-fmk (Figure IC: 
21.9% ± 3.8% annexin-V* and 17.5% ± 2.7% morphologically 
apoptotic PMNs: compare with Figure IC. zVAD-fmk alone). 
Thus, despite the fact that Fas and TNF-a-receptors engage 
common upstream death pathways. Fas receptor-mediated death 
signals are strictly caspase dependent and can be blocked by a 
caspase inhibitor, whereas TNF-a has the potential to bypass the 
caspase cascade, causing atypical death in PMNs in the presence 
ofzVAD-fmk. 

TNF-a/zVAD-fmk treatment causes in PMNs degradation 
of the mitochondria without Bax redistribution 

Our recent study has shown that PMNs contain mitochondria, 
which play an important role in the apoptotic program of these 
cells.24 To check whether the mitochondria are involved in 
caspase-independent death pathway, we undertook the next set of 
experiments. Specific mitochondrial fluorescent staining revealed 
that most of the untreated and zVAD-fmk-treated PMNs (Figure 4. 
top left and bottom left, respectively) after 6 hours of incubation 
preserved a tubular structure of the mitochondria, as was observed 
in fresh cells.24 When TNF-a alone was present in the culture 
medium, the mitochondria changed into large unstructured aggre
gates (Figure 4. top right) typical for apoptosis.24 Interestingly, the 
proportion of cells with clustered mitochondria closely correlated 
with the proportion of cells with an apoptotic morphology (data not 
presented), indicating that changes in the mitochondrial structure 
form an early and reliable marker of apoptosis. The TNF-a/zVAD-
fmk combination also altered the appearance of the mitochondria 
(Figure 4. bottom right). leading to clustering and degradation of 
these organelles, although these mitochondrial aggregates were 
smaller in comparison to the aggregates in PMNs treated with 
TNF-a alone. 

When PMNs were costained for mitochondria and Bax protein, 
most of the untreated cells showed after the 6-hour incubation a 
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Figure 3. DNA laddering in PMNs. DNA extracted from freshly isolated PMNs as 
well as from PMNs cultured for 6 hours without additions, with 20 ng/mL TNF-u. with 
150 (j.M zVAD-fmk or with the combination of these agents, was separated by 
agarose gel electrophoresis, and internucleosomal fragmentation (DNA laddering) 
was assessed. Results are represenlative of 3 separate experiments. 
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Figure 4. Staining patterns of mitochondria in PMNs. PMNs were incubated tor 6 
hours without additions (No stimulus), with 20 ng/mL TNF-u. with 150 i±M zVAD-fmk. 
or with Ihe TNF-u/zVAD-fmk combination. Then the cells were stained with Mito-
Tracker GreenFM and analyzed with CLSM. Each image represents the following 
proportion of the fofal cell population (mean • SEM): 73.8% - 8.9% in No stimulus; 
66.7% * 5.4% in TNF-u; 89.0% - 4.3% in zVAD-fmk; 77.0% i 3.6% in TNFWzVAD-
fmk. Bar is 5 | im. Results are representative of at least 4 independent experiments. 
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punctate localization of Bax. remaining separate from mitochon
dria (Figure 5. top panel), as was also observed in fresh PMNs.:4 In 
PMNs after 6 hours of culture in the presence of zVAD-fmk. Bax 
protein maintained a staining pattern similar to fresh and to 
untreated cultured cells, visible as a punctate distribution separate 
from mitochondria (data not shown). In contrast, treatment with 
TNI n caused redistribution of Bax into large clusters, which 
colocalized with mitochondria (Figure 5, middle panel: a shift in 
fluorescence to yellow depicts colocalization). In TNF-a/zVAD-
fmk-treated PMNs. Bax remained punctate and hardly colocalized 
with the mitochondria (Figure 5. bottom panels). 

Taken together, these results demonstrate that TNF-a can act 
via a classical apoptotic route, inducing subcellular Bax redistribu
tion and its aggregation with mitochondria, which have been shown 
to be significant events during the execution of apoptosis in various 
cell types,35"38 including PMNs.24 At the same time. TNF-a 
stimulation under conditions that preclude caspase activation does 
not lead to Bax changes, but it does cause degradation of 
mitochondria. Again, this finding may indicate the presence of a 
caspase-independent. mitochondria-dependent route of cell death 
in PMNs that is different from apoptosis. 

PMN-derived cytoplasts lacking mitochondria do not display 
TNF-a/zVAD-fmk-induced death phenomenon 

To further elucidate the role of mitochondria in TNF-a/z VAD-fmk-
induced death, we used PMN-dem oil c> toplasts, which are cellular 
vesicles from which mitochondria have been eliminated.24"' First. 
we determined whether the TNF-a receptors were functional on the 
cytoplast surface. As a read-out. the TNF-a receptor-mediated 
phosphorylation of p38 MAP kinase was used." Figure 6 (top 
panel) demonstrates thai TNF-a induced phosphorylation of p38 
MAP kinase both in cytoplasts and PMNs. Next, cytoplasts were 
cultured under various conditions. Untreated and TNF-a-treated 
cytoplasts after culture exposed phosphatidyl serine on the outer 
layer of the plasma membrane, which was evident bv annexin-V 
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Figure 5. Subcellular redistribution of Bax protein in PMNs. PMNs were cultured 
lor 6 hours without additions (No stimulus), with 20 ng/mL TNF-u. or with a 
combination of 20 ng/mL TNF-u and 150 IAM zVAD-fmk. Then the cells were slained 
with MitoTracker GreenFM. fixed, permeabilized, slained with polyclonal Abs specific 
for Bax, and analyzed with CLSM. (Because of the fixation and permeabilization 
procedures, the mitochondrial staining [green] showed a more diffuse cytoplasmic 
pattern than the tubular structures shown in Figure 4, left panels). Each image 
represents the following proportion of Ihe total cell population (mean * SEM): 
77.7% * 5.4% in No stimulus; 63.3% t 8.8% in TNF-u; 88.3% S 5.7% in TNF-u/ 
zVAD-fmk. Bar is 5 | im. This figure is representative of at least 4 independent 
experiments 

positivity of 54.2% ± 4.97c and 5ü.37c ± 5.7% cytoplasts. respec
tively (Figure 7. top left and top right plots, respectively). 
zVAD-fmk reduced the number of annexin-V* cytoplasts to 
7.27c ± 1.9% (Figure 7. bottom left plot). Similar values were 
found in the experiments with PMNs (Figure IC). However, in 
contrast to PMNs. cytoplasts treated with a combination TNF-a/ 
VAD-fmk remained "'alive." with only 11.0% ± 1.37c annexin-V 
cells (Figure 7. bottom right plot). Thus, addition of TNF-a to 
zVAD-fmk had no effect on cytoplast survival. This finding 
indicates that TNF-n was not able to induce a caspase-independenl 
death in cytoplasts in the absence of the mitochondria, despite the 
intact receptor signaling, and the caspase inhibitor completely 
preserved its prosurvival effect. Also, this finding demonstrates that 
the TNF-o/zVAD-fmk combination itself is not nonspecifically 
toxic for the cells. 

(> toplasts PMN 
+ TNF-a 

- p.p38 

p38 

Figure 6. p38 MAP kinase phosphorylation in cytoplasts. Freshly isolated 
cytoplasts or fresh PMNs were treated for 10 minutes with control medium or with 20 
ng/mL TNF-u. Thereafter, whole cell lysates were prepared and subjected to 
SDS-PAGE. Western blot was performed with monoclonal Abs thai specifically 
recognized the phosphorylaled form of p38 (top panel) Reprobing with anti-total p38 
monoclonal Abs (bottom panel), which recognizes p38 regardless of its phosphoryla
tion state, gives an estimation ol the equal protein loading. Results are representative 
of 4 independent experiments 



f' 

No stimulus TNF-a 

S0MS.TH 

zVADfmk 

* 7.2±1,9% 

TNF-a+zVAIMmB 

* ll.Gtl.3% 

y—sr 
A n n e x i n - V 

Figure 7. Death of cytoplasts. Cytoplasts cultured overnight without additions or 
with 20 ng/mL TNF-a, with 150 nM zVAD-fmk, or with the combination ot these 
agents were stained with annexin-V-FITC and were analyzed by FACScan. Cyto
plasts with annexin-V staining were counted as dead cytoplasts (bottom right 
quadrant of each plot). 'P< .05 versus No stimulus and TNF-a. Values represent 
means ± SEM of 5 separate experiments performed in duplicate. 

NADPH oxidase system-independent ROS are involved 
in the TNF-a/zVAD-fmk-induced cytotoxic effects 

The data shown earlier indicated that the mitochondria may 
participate in the process of unusual TNF-a/zVAD-fmk-induced 
PMN death. How do these organelles contribute to this death 
pathway? One possibility is ROS production by the mitochondria 
in response to TNF-a stimulation, which mediates, at least in part, 
cytotoxic effects of this cytokine.4'-43 NAC, a well-characterized 
ROS scavenger,34'4445 had no effect on spontaneous apoptosis of 
PMNs, reduced TNF-a-induced apoptosis, and almost completely 
abrogated the TNF-a/zVAD-fmk death effects (Figure 8 and data 
not shown). NAC significantly (P < .05) reduced the number of 
annexin-V+ PMNs in TNF-a/zVAD-fmk-treated PMNs and com
pletely prevented the appearance of morphologically aberrant cells 
(not shown). The ROS scavenger tiron,43 which is unrelated to 
NAC, also prevented TNF-a/zVAD-fmk-induced cell death (data 
not shown). The mitochondrial origin of ROS was further sup
ported by experiments, in which we used inhibitors of the 
mitochondrial electron transport (respiratory) chain, ie, inhibitors 
of the mitochondrial ROS production.41 Rotenone stopped the 
death-inducing effects of the TNF-a/zVAD-fmk combination, 
preventing plasma membrane flip-flop (Figure 8; P < .05) and 
aberrant morphologic changes in the TNF-a/zVAD-fmk-treated 
PMNs (data not shown). Two other mitochondrial inhibitors. 

TNF-a+ 
zVAD-fmk 

NAC+ 
TNF-a+ 

zVAD-fmk 

Rotenone+ 
TNF-a+ 

zVAD-fmk 
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Figure 8. Effect of NAC and rotenone on TNF-a/zVAD-fmk-induced PMN cell 
death. PMNs were cultured for 6 hours with a combination of 20 ng/mL TNF-a and 
150 nM zVAD-fmk or with TNF-a/zVAD-fmk in combination with 5 mM NAC or 100 
IAM rotenone. Afterwards. PMNs were stained with annexin-V/PI and analyzed by 
FACScan. Values represent the percentage of cells (mean ± SEM) for each 
respective quadrant Data obtained in 5 independent experiments. 

41 

sodium azide and TTFA, demonstrated a similar effect of rescuing 
PMNs from TNF-ot/zVAD-fmk-mediated cell death (data not 
shown). Importantly, these mitochondrial inhibitors, when added 
alone, influenced neither the basal level of PMN apoptosis nor 
PMN adenosine triphosphate (ATP) levels, measured by a luciferase-
based assay46 (not shown). The latter result can be explained by the 
fact that PMNs mainly use glycolysis rather than mitochondrial 
oxidative phosphorylation for their energy supply.47 

The most powerful source of ROS in PMNs is the nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase system, which 
provides a rapid and a dramatic increase in ROS generation known 
as the respiratory burst. To check whether ROS produced by 
NADPH oxidase participates in the TNF-a/zVAD-fmk-mediated 
cell death, we investigated PMNs from 3 patients with CGD. 
Because of a genetic defect in the NADPH oxidase in PMNs from 
these patients, their cells cannot generate ROS.48 In our experi
ments, PMNs from patients with CGD displayed a behavior in 
terms of the death rate similar to the normal cells under the 
conditions tested as illustrated by annexin-V/PI staining in Table 1. 
CGD PMNs had levels of spontaneous apoptosis comparable to the 
healthy day-control cells incubated in the delayed cultures (see 
"Materials and methods"). zVAD-fmk protected CGD cells from 
apoptosis as it did in healthy PMNs, and the TNF-a/zVAD-fmk 
combination induced a similar amount of phosphatidyl serine 
exposure and aberrant morphology in CGD PMNs, as was ob
served in normal PMNs (Table 1 and data not shown). Hence, the 
NADPH oxidase system plays no role in the TNF-a/zVAD-fmk-
induced death of PMNs. Interestingly, the ROS scavenger NAC 
also rescued CGD PMNs from the TNF-a/zVAD-fmk-induced 
death by preventing the membrane changes (Table 1) and the 
appearance of unusual morphology (not shown), indicating that 
CGD PMNs have the ability to produce some ROS from an 
alternative source. 

Discussion 

Most forms of programmed cell death proceed through the 
activation of caspases, which can be blocked by the general caspase 
inhibitor zVAD-fmk. In this study we describe an as yet unidenti
fied form of PMN death induced by TNF-a in the presence of 
caspase inhibition. TNF-a alone induced activation of the classical 
apoptotic route in PMNs, which is accompanied by activation of 

Table 1. TNF-a/zVAD-fmk-induced cell death of CGD PMNs 

Treatment 

No addition* 

TNF-a 
zVAD-fmk 

TNF-a/zVAD-fmk" 

NAC + TNF-a/zVAD-fmk 

PMNs isolated from 3 CGD patients and healthy day controls were incubated 
for 6 hours ("delayed" culturing; see "Material and methods") without additions, with 
20 ng/mL TNF-a, with 150 |iM zVAD-fmk, with the combination of these agents alone, 
or with addition of 5 mM NAC. Thereafter, PMNs were stained with annexin-V/PI and 
analyzed by FACScan. Values represent means + SD of 3 to 5 separate experiments 
performed in duplicate. 

*n = 5. 
\P < .05 versus No addition. 
tP< .05 versus zVAD-fmk. 

§P < .05 versus TNF-a/zVAD-fmk, in the respective columns for CGD or control 
cells. 

% Annexin-V 

CGD.n = 3 

50.2 ± 5.1 
53.0 ± 4.5 
35.0 ± 4.3t 
63.7 ± 12.7* 
35.2 ± 1.8§ 

PMNs 

Control, n = 3 

46.4 £ 3.2 
59.0 + 11.0 
31.2 ± 10.5f 
65.8 ± 9.5J 
35.3 £ 3.2§ 



initiator and executioner caspases, Bax translocation to mitochon
dria, mitochondrial clustering, internucleosomal cleavage of DNA, 
and typical apoptotic changes in morphology and plasma mem
branes. When caspase activity was blocked, TNF-a-treated PMNs 
displayed no Bax redistribution and no DNA fragmentation, and 
increased cell death as indicated by the plasma membrane exposure 
of phosphatidyl serine in the outer layer (flip-flop). Moreover, these 
PMNs showed an aberrant morphology, with hyperlobulated nuclei 
and expanded, disintegrated chromatin. Apparently, under condi
tions when caspases do not function, an alternative, TNF-a-
induced nonclassical. caspase-independent pathway of cell death is 
revealed in PMNs. 

Further experiments demonstrated the involvement of ROS in the 
TNF-a/zVAD-fmk-induced cytotoxicity (Figure 8), independent of 
protein synthesis. During the last decade, the physiologic role of ROS 
has been gradually reevaluated. These agents moved from a category of 
merely unwanted side products of oxidative metabolism to a cohort of 
important messenger molecules.4951 Intracellular sources of ROS are 
mainly represented by electron-transfer processes in mitochondria49-52 

and enzymatic oxidation provided by various oxidases.50 Among 
oxidases, the NADPH oxidase system is one of the most powerful 
generators of ROS, being used by PMNs for the killing of ingested 
microorganisms.48 We found that PMNs from patients with CGD, who 
have an impaired NADPH oxidase system, died in the same caspase-
independent way after TNF-a/zVAD-fmk treatment as did healthy 
PMNs. This observation ruled out the involvement of NADPH oxidase-
derived ROS in this nonclassical form of PMN death. Experiments with 
PMN-derived cytoplasts underscored that these ROS originated from 
mitochondria, because cytoplasts, having no mitochondria, did not show 
any enhanced exposure of phosphatidyl serine after TNF-a/zVAD-fmk 
stimulation, in contrast to intact PMNs. A number of inhibitors of the 
mitochondrial electron transport chain, including rotenone, sodium 
azide, and TTEA, were also able to prevent the TNF-a/zVAD-fmk-
induced features of cell death, again pointing to the mitochondria as the 
main origin of ROS production. These findings are in line with previous 
reports on the cytotoxic effects of TNF-a in cell lines,41"*3 caused by 
ROS from mitochondria Excessive amounts of ROS may cause direct 
oxidative damage of nucleic acids, proteins, and lipids53 or may make 
proteins more susceptible to proteolysis.54,55 Probably, such events take 
place during TNF-a/zVAD-fmk-induced PMN death, resulting in the 
observed cellular changes that could be prevented by ROS inhibitors. 
Importantly, mitochondria are not only a source of ROS but also a target 
for ROS.52 ROS produced in mitochondria may lead to self-damage of 
these organelles, causing apoptosis or necrosis.53 This could be an 
explanation for our data, which showed Bax-independent mitochondrial 
changes in PMNs after TNF-a/zVAD-fmk treatment. Undoubtedly. 
ROS production requires a tight control, and our results suggest that 
caspases might be involved in this regulation.44-56 Possibly, mitochon
drial proteins involved in electron transport within these organelles and 
providing the excess production of oxygen radicals could be a direct 
substrate for caspases, because mitochondrial caspases with as yet 
unidentified intramitochondrial functions have been described.57 Deacti
vation of this system by caspases could normally prevent the accumula
tion of ROS. Alternatively, caspases may play a role in the elimination of 
damaged lipids and proteins, which accumulate after TNF-a stimulation 
and may normally act as a natural sink for ROS.56 

Several studies have shown that blockade of caspases in some 
cell lines sensitize them to TNF-a-mediated cytotoxicity.44-5658 

The researchers refer to this type of cell death as necrosis,56 "a 
nonapoptotic" cell death,44 or "a transitional stage between apopto
sis and necrosis."58 Such descriptions underline the complicated 
nature of the phenomenon but, at the same time, dictate the 

necessity to use an adequate set of tools for the registration of cell 
death. For example, staining with propidium iodide alone56 does 
not seem to be sufficient to discriminate between necrotic and 
apoptotic cell death, because these basically different types of 
death both lead to the final disruption of the plasma membrane.59 

The death rate of PMNs treated with a combination of TNF-a and 
caspase inhibitors has obviously been underestimated,1314 because 
only a DNA fragmentation assay has been used as a read-out for 
cell death, whereas our present findings clearly show the absence of 
this hallmark of apoptosis under these conditions. 

We conclude from our data that TNF-a is able to trigger 2 
pathways of cell death in PMNs, and the availability of down
stream caspases appears to determine the mode of cell death. In the 
presence of an intact caspase cascade TNF-a mainly induces the 
classical form of apoptosis. However, when caspase activity is 
blocked, eg, by zVAD-fmk. other signals result from TNF-a 
stimulation. This nonclassical and caspase-independent pathway of 
PMN death, which lacks most of the characteristic apoptotic 
features, is mediated by mitochondria-derived ROS. In PMNs, this 
signaling pathway seems to be restricted to the TNF-a receptor, 
because the Fas receptor-mediated as well as the spontaneous 
apoptosis in PMNs were both completely blocked by zVAD-fmk. 

Our present data raise another issue. Caspases are attractive 
targets for pharmacologic intervention in vivo in disease states that 
have been associated with enhanced apoptosis.60-61 Caspase inhibi
tors, predominantly zVAD-fmk-like active-site mimetic peptide 
ketones, have been extensively used in animal models of human 
diseases. These inhibitors have shown beneficial effects in various 
types of ischemia-reperfusion injury,6264 but also in infectious 
conditions, including bacterial meningitis and sepsis.65-66 The 
promising approach of using caspase inhibitors as anti-inflamma
tory agents should, however, be considered with caution because of 
the possible adverse effects.61 For example, during ischemia-
reperfusion injury and particularly during generalized infections, 
inflammation proceeds through a massive activation of PMNs and 
generation of inflammatory cytokines. Under many generalized 
inflammatory conditions, TNF-a-induced apoptosis of PMNs 
through the activation of caspases provides a "silent turnover" of 
these potentially hazardous cells and leads to a suppression of 
inflammation,8 limiting the extent of inflammatory reactions. 
Instead, inhibition of caspases may lead to a deterioration of the 
injury, caused by an as yet unforeseen atypical neutrophil death as 
shown in our study, with a potentially uncontrolled release of their 
contents, in contrast to the classical apoptotic cells. Moreover, 
under the circumstances of caspase inhibition, PMN cell death is 
exaggerated, and clearance mechanisms may be insufficiently able 
to minimize PMN-related damage. To date, the existence per se of 
caspase-independent cell death has been shown for several untrans-
formed cell types, including T lymphocytes,67-68 neurons,69'71 

erythropoietic cells,72 and fibroblasts.73 Many researchers refrain to 
designate this type of cell turnover as "apoptosis," because of a lack 
of some typical apoptotic features. Our data on PMNs support this 
view. The biologic significance and physiologic role as well as the 
precise mechanisms of this phenomenon warrant further study. 
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Chapter IV 
Intramitochondrial serine protease activity of Omi/HtrA2 is 
required for caspase-independent cell death of human neutrophils 
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Omi/HtrA2 is a mitochondrial serine protease that has a 
proapoptotic role in mammalian cells. In the caspase-
dependent pathway of cell death, Omi/HtrA2 is released into 
the cytoplasm and binds to inhibitor of apoptosis proteins 
(lAPs), thus deactivating them and indirectly promoting the 
activation of caspases. Omi/HtrA2 can also initiate caspase-
independent cell death via its serine protease activity, but its 
substrates in this pathway are unknown. In the studies 
identifying the role of Omi/HtrA2 serine protease site, Omi/ 
HtrA2 relocated to the cytoplasm or was overexpressed 
cytoplasmically, leading to the postulation that Omi/HtrA2 
enzymatic substrates are cytoplasmic.1"4 

Studying the mechanisms of the TNF-a-induced, caspase-
independent cell death in human neutrophils,5,6 we found that 
the serine protease activity of Omi/HtrA2 is required for, and 
its inhibition protects against, that type of neutrophil cell death. 
This was demonstrated in the following set of experiments 
with primary human neutrophils that were purified from the 
peripheral blood of healthy donors as described.5 Neutrophils 
have a short life-span and rapidly die during culturing in vitro 
without external stimulation. Already after a 6-h incubation, 
about 15-20% of neutrophils has undergone spontaneous 
apoptosis, as was evident by Annexin-V-FITC binding 
(Figure 1a). Addition of TNF-a alone induced 'classical' 
caspase-dependent apoptosis (not shown; see Maianski 
et al.5), whereas in the presence of the general caspase 
inhibitor zVAD this cytokine paradoxically enhanced the cell 
damage, inducing 'nonclassical' caspase-independent cell 
death in neutrophils with more than 50% of cells binding 
Annexin-V after 6h (Figure 1b; also see Maianski et al.5 and 
Liu et al.6). Addition of ucf-101 (20/iM), a specific inhibitor of 
Omi/HtrA2 serine protease activity,7 abrogated the death 
effects of the TNF-a + zVAD combination, significantly redu
cing the fraction of Annexin-V * neutrophils (Figure 1c). The 
extent of cell death measured by Annexin-V was similar to that 
assessed by the mitochondrial changes using MitoTracker 
GreenFM (a fluorescent dye highly specific for mitochondria). 
In fresh neutrophils, virtually all cells displayed tubular 
mitochondria, which underwent clustering upon apoptosis, 
and the number of cells with the mitochondrial clusters 
corresponded to the number of apoptotic neutrophils.5 The 
mitochondrial morphology was estimated by a fluorescent 
microscope and indicated that 19±2%,51 ±10% and 20±6% 
(mean±S.E.M.; n = 3-4) of cells had clustered mitochondria 

in untreated, TNF-a + zVAD and TNF-a + zVAD + ucf-1 -trea
ted cultures, respectively. Notably, ucf-101 prevented mito
chondrial degradation induced by the TNF-a + zVAD 
treatment. These data indicate that Omi/HtrA2 also has a 
pro-death function in primary cells (neutrophils), as has 
previously been indicated upon overexpression in cell 
lines.1-4 However, ucf-101 did not protect neutrophils from 
spontaneous apoptosis or apoptosis induced by TNF-a alone, 
when tested up to 100/<M at 18 h of culture, being at high 
concentrations even toxic to the cells (not shown). Thus, 
serine protease activity of Omi/HtrA2 is involved in the TNF-a-
induced, caspase-independent cell death pathway in neutro
phils, but unlikely to play a role in 'classical', caspase-
dependent apoptosis. These findings emphasize a 'dual' 
nature of Omi/HtrA2 proapoptotic activity, which may rely on 
the IAP binding or on the serine protease properties. 
Apparently, for the usual apoptotic process in neutrophils 
(like the one senescence in an 18-h culture) inactivation of 
lAPs is sufficient for Omi/HtrA2 to realize its proapoptotic 
potential, and the serine protease part is not essential. 
However, it has been shown that in 293 cells transfected with 
the active site mutant Omi/HtrA2, which had no protease 
activity, caspase activation and cell death were markedly 
diminished, whereas transfection of the wild-type protein 
induced both events and resulted in significant reduction in the 
amount of XIAP in the transfected cells, which appeared to be 
a substrate of Omi/HtrA2.8'9 Obviously, the way Omi/HtrA2 
participates in cell death may differ in various cell types. 

To further study the role of Omi/HtrA2 in the neutrophil cell 
death, we monitored the redistribution of this protein in 
subcellular fractions of neutrophils treated under various 
conditions. It has been shown in several cell lines that Omi/ 
HtrA2 is normally expressed in the mitochondria and relocates 
to the cytoplasm upon apoptosis.1-4 This was true for 
neutrophils as well, since Omi/HtrA2 was present in mito
chondria in fresh neutrophils (Figure 1d, lane 6) and upon 
induction of apoptosis, for instance by incubation for 3 h with 
TNF-a and cycloheximide, when 70-80% of neutrophils 
became Annexin-V4", Omi/HtrA2 relocated to the cytoplasm 
(Figure 1d, lane 2) with a concomitant signal reduction in the 
mitochondrial fraction (Figure 1d, lane 7). The Omi/HtrA2 
release into the cytoplasm was also observed in the overnight 
cultured apoptotic neutrophils (not shown). After a 6-h 
incubation with TNF-a+ zVAD, Omi/HtrA2 remained in the 
mitochondria (Figure 1d, lanes 4 and 9) despite the induction 
of pronounced cell death (see Figure 1b). In the presence of 
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Figure 1 (a-c) Human neutrophils isolated from the penpheral blood o( healthy donors were cultured lor 6 h without additions (a), with a combination of 20 ng/ml THF-a 
and 150 ;<M zVAD-fmk (b) or with TNF-^zVAD-fmk in combination with 20 uM ucf-101 (c). Afterwards, the ceHs were stained with Annexin-V-FITC and PI and 
analyzed by FACScan as described. Representative plots are shown. The percentage of Armexin-V cells was as follows (lower upper right quadrants on the 
corresponding plot; mean ± S.E.M.): A, 14 - 3%; B, 48 ± 15%; C, 14 ± 9%. (d) Digitonin-based cell fractionation was performed on fresh neutrophils (fresh; lanes 1 and 
6), in neutrophils incubated for 3 h with TNF-7 (20ng/ml) and cyctoheximide (2 /ig/ml) to induce apoptosis (TIC: lanes 2 and 7) and without additions for 6 h (-, lanes 3 
and 8) or in cells cultured for 6 h with TNF-y zVAD-fmk (T/Z; lanes 4 and 9) or with TNF-z - zVAD-fmk and ucf-101 (T/Z - UCF, lanes 5 and 10). Thereafter, the 
cytosol (lanes 1-5) and the mitochondrial (lanes 6-10) fractions were subjected to SDS-PAGE. Western blot was performed with specific antibodies for the indicated 
proteins. Each neutrophil fraction represents - 2 • 106 cells. Antibodies to MnSOD and Apaf-1 served as controls for purity of mitochondnal and cytosolic fractions, 
respectively. All manipulations were earned out as described.10 (e) Fresh neutrophils were incubated with MitoTracker GreenFM (100 nM) and ucf-101 (20 uM) for 
15 min at 37 C, and intracellular localization of ucf-101 was determined by confocal laser scanning microscopy. Cotocalization of MitoTracker GreenFM and ucf-101 
gave a shift to yellow. Bar is 5 ,/m. (f) Cotocalization of MitoTracker GreenFM (green line) and ucf-101 (red line) in the region on (e) marked by the red line is indicated 
semiquantitatrvely with the LSM510 image analysis software, (a-f) Each panel represents the results obtained from three to four experiments 

the Omi/HtrA2 inhibitor uc f -101 , when Annexin-V binding 

induced by TNF-y /zVAD-fmk st imulat ion was prevented, Omi / 

HtrA2 also stayed in the mi tochondr ia (Figure I d , lanes 5 and 

10). The purity of the subcellular f ract ions was conf i rmed by 

detect ion of Apaf-1 (cytoplasmic protein; Figure I d , lanes 1 -

5) and M n S O D (the mi tochondr ia l isoform of superoxide 

dismutase; Figure I d , lanes 6 -10 ) . 

The f inding that Omi/HtrA2 does not leave the mi tochondr ia 

upon the TNF-7 - zVAD- induced cell death in neutrophi ls 

(Figure 1d, lanes 4 and 9) combined with the above-descr ibed 

ability of ucf-101 to complete ly block this death pathway (see 

Figure 1c) impl ies an important conclusion on 'nonclassical ' 

cel l death in pr imary cel ls. These data indicate that under 

certain condi t ions Omi /Ht rA2 may mediate cell death through 

its serine protease propert ies f rom within the mitochondr ia. 
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Indeed, when we studied the subcellular localization of ucf-
101 in neutrophils by utilizing the autofluorescent properties of 
this compound,7 it was found that the ucf-101 red autofluor-
escence and the signal from the mitochondrial marker 
MitoTracker GreenFM colocalized (Figure 1e; a shift in 
fluorescence to yellow depicts colocalization). Colocalization 
was confirmed by semiquantitative analysis with the LSM510 
Image software (Figure 10. which showed the peaks of ucf-
101 fluorescence (red) in close proximity with the peaks of 
MitoTracker fluorescence (green). This result indicates that 
ucf-101 localizes to the mitochondria and is in agreement with 
inhibitory activity being specific for Omi/HtrA2 and occurring 
within the mitochondria. 

Another interesting issue that emerged from our data is that, 
in neutrophils, the mitochondrial permeabilization and release 
of Omi/HtrA2 after the TNF-a stimulation require caspase 
activity, because the presence of zVAD prevented those 
phenomena (Figure 1d, lanes 2, 7 and 4, 9, respectively), at 
least in a short-term culture. This is likely to be regulated by 
Bax redistribution from the cytosol (in intact cells) to the 
mitochondria (in apoptotic cells), which was prevented in 
TNF-a-zVAD-treated neutrophils but not in the neutrophils 
incubated with TNF-x alone.5 The targeting of mitochondria by 
Bax was also observed under the 3-h TNF-z - cycloheximide 
treatment10 used in the present study. Hence, inhibition of 
caspases in the presence of TNF-a blocks the release of Omi/ 
HtrA2 from the mitochondria into the cytosol. However, the 
caspase inhibition under those condition does not prevent 
'nonclassical' death signaling (see Figure 1b), which may still 
promote the Omi/HtrA2 function as a serine protease, but now 
inside the mitochondria. 

Candidate intramitochondrial targets of the Omi/HtrA2 
protease activity are illusive. The Omi/HtrA2-mediated pro
teolytic cleavage might inactivate and remove antiapoptotic 
molecules, as has been shown for lAPs,8'9 or it might be 
required for activation of precursor proteins whose function 
might be necessary for the caspase-independent neutrophil 
cell death. Since this type of cell death has been suggested to 
be mediated by the mitochondria-derived reactive oxygen 
species (ROS), it is logical to suppose that a mitochondrial 
antioxidant system, which normally inactivates an excess of 
ROS, is destroyed in this experimental setting. Omi/HtrA2 
might be involved in this inactivation, inhibiting for instance 

MnSOD, which is an antioxidant enzyme with high expression 
in neutrophils (Figure 1d, lanes 6-10; and see Maianski 
et al.10) and important especially for prevention of the TNF-y-
induced damage. 

In summary, we have shown that Omi/HtrA2 is expressed in 
mitochondria of fresh human neutrophils, but relocates into 
the cytosol upon apoptosis. More importantly, serine-pro-
tease activity of Omi/HtrA2 is required for the neutrophil 
caspase-independent, nonclassical cell death pathway in
duced by TNF-a. Under these conditions, Omi/HtrA2 remains 
in mitochondria. This indicates that Omi/HtrA2 may support 
neutrophil cell death from within the mitochondria, likely by 
cleaving an intramitochondrial substrate(s). The physiological 
protease substrates for Omi/HtrA2 remain to be determined, 
although a mitochondrial protein that interacts with Omi's PDZ 
domain and is cleaved upon induction of mitochondrial stress 
is now being identified (A Zervos, unpublished data). 
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Chapter V 
Functional characterization of mitochondria in neutrophils: a role 
restricted to apoptosis 
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Abstract 
Mitochondria are known to combine life-supporting functions 
with participation in apoptosis by controlling caspase activity. 
Here, we report that in human blood neutrophils the 
mitochondria are different, because they preserve mainly 
death-mediating abilities. Neutrophil mitochondria hardly 
participate in ATP synthesis, and have a very low activity of 
the tested marker enzymes. The presence of mitochondria in 
neutrophils was confirmed by quantification of mitochondrial 
DNA copy number, by detection of mitochondrial porin, and 
by JC-1 measurement of Ai/rm. During neutrophilic differ
entiation, HL-60 cells demonstrated a profound cytochrome c 
depletion and mitochondrial shape change reminiscent of 
neutrophils. However, blood neutrophils containing extremely 
low amounts of cytochrome c displayed strong caspase-9 
activation during apoptosis, which was also observed in 
apoptotic neutrophil-derived cytoplasts lacking any detect
able cytochrome c. We suggest that other proapoptotic 
factors such as Smac/DIABLO and HtrA2/Omi, which are 
massively released from the mitochondria, have an important 
role in neutrophil apoptosis. 
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sj.cdd.4401320 
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Introduction 
Mitochondria are known as organelles in which a large amount 
of energy, required for cell maintenance and function, is 
processed in the form of ATP. During the last decade, it has 
been shown that the mitochondria possess additional functions 
in cell death.1 These organelles contain a number of proteins in 
the intermembrane space, which, once released into the 
cytosol, induce and/or amplify the activation of apoptotic 
caspases. One of these proteins, cytochrome c, plays a key 
role in mitochondrial respiration, transferring electrons from 
complex III to complex IV of the respiratory chain. Cytochrome 
calso participates in the assembly of a multimolecular complex 
known as the apoptosome, which promotes activation of the 
initiator caspase-9 and constitutes a core element of the 
intrinsic (mitochondrial, stress-induced) pathway of apoptosis. 
For other mitochondrial proteins, such as AIF, Smac/DIABLO 
and Omi/HtrA2, only proapoptotic functions have been 
identified so far.1 Apparently, in most cell types, the mitochon
dria combine functions related to cellular life and death. 

In this light, the human neutrophil seems to be an 
exceptional cell for several reasons. For a long time, the 
abundance and function of mitochondria in neutrophils have 
been debated. It was believed that neutrophils possess no or 
only a few mitochondria, which do not play a role in their 
function. This point of view was mainly based on the 
observation that mitochondrial poisons like cyanides do not 
influence cellular functions in neutrophils.2 Moreover, electron 
microscopy studies identified hardly any mitochondria in 
neutrophils (see the references in Fossati et a/.3), and 
mitochondrial respiration was found to be very low in these 
cells.4 However, mitochondria have been recently visualized 
in neutrophils as a tubular network, by means of specific 
fluorescent dyes.3,5 Furthermore, in neutrophils undergoing 
spontaneous or induced apoptosis, the mitochondria form 
clusters to which the proapoptotic Bax protein also is 
localized.5-7 Such a subcellular redistribution of Bax to 
mitochondria upon apoptosis is known to result in the 
permeabilization of the outer mitochondrial membrane, with 
the subsequent release of additional proapoptotic proteins.1 

Hence, this finding gave some evidence that the mitochondria 
in neutrophils are involved in apoptosis. 

In the present study, we show that the mitochondria, 
although limited in number, do participate in the neutrophil 
apoptosis. These organelles hardly display any marker 
mitochondrial enzymatic activity, do not synthesize much 
ATP, but preserve their transmembrane potential (Ai/<m) and 
are loaded with proapoptotic proteins, which are released into 
the cytosol upon induction of neutrophil apoptosis. During 
maturation of the myeloid HL-60 cells into neutrophil-like cells, 
cytochrome c is strongly reduced and almost completely 
absent in human neutrophils. Moreover, we show that, 
apparently, cytochrome c-independent caspase-9 activation 
occurs in neutrophil-derived cytoplasts, which lack mitochon
dria and are devoid of cytochrome c. 
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Results 

Neutrophils possess mitochondria, which do not 
synthesize ATP, have limited specific enzymatic 
activity, but maintain the transmembrane potential 
(Afm) 
Mitochondria in neutrophils have been identified by means of 
specific fluorescent dyes as a network of tubular elongated 
structures.3'5,6 However, in neutrophils, these organelles 
hardly play a role in energy metabolism as they do in other 
cells. This conclusion was derived from the experiment shown 
in Figure 1, where ATP concentrations in neutrophils were 
measured under various conditions. We found a modest 
decrease (about 30%) of ATP levels in untreated neutrophils 
after 6 h of culture in comparison to fresh neutrophils, which 
probably reflects a constitutive senescence process.8 The 
inhibitors of mitochondrial respiration rotenone, TTFA, and 
sodium azide9 caused no or only little additional reduction in 
the neutrophil ATP levels (Figure 1), whereas in the myeloid 
HL-60 cell line, for instance, rotenone induced a pronounced 
(~70%) ATP depletion, decreasing the ATP concentration 
after a 6 h incubation from 4900 ± 461 to 1466 ± 183 pmol per 
106 cells (mean + S.D.; n=3). This can be explained by the 
fact that neutrophils mainly use glycolysis rather than 
mitochondrial oxidative phosphorylation for their energy 
supply.2 Accordingly, inhibitors of glycolysis such as sodium 
iodoacetate and 2-deoxyglucose caused a profound ATP loss 
with less than 1 % of ATP remaining in comparison to 
untreated neutrophils (Figure 1; and data not shown). More
over, two important mitochondrial enzymes, glutamate dehy
drogenase (GDH) and fumarase, which are often used as 
markers of mitochondria,10-12 displayed a borderline low 
activity in neutrophils in contrast to HL-60 cells, which have 
actively respiring mitochondria13,14 (Figure 2). At the same 
time, the activity of the cytoplasmic marker lactate dehydro
genase (LDH) was nearly identical in neutrophils and HL-60 
cells, confirming an overall intactness of enzymes in the 
neutrophil cell lysates (Figure 2). Also, the activity of GDH and 

6 h incubation 

Figure 1 ATP concentrations in neutrophils. Fresh neutrophils or neutrophils 
treated for 6 h with or without inhibitors of mitochondrial respiration rotenone 
(0.1 mM), TTFA (0.3 mM) or Na Azide (2 mM) or the inhibitor of glycolysis sodium 
iodoacetate (SIA; 0.5 mM) were collected, and ATP concentration was measured 
by a luciferase-based assay. The data represent the mean + S.D. from four 
independent experiments 
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Figure 2 Enzymatic activity of GDH, fumarase and LDH in neutrophils and HL-
60 cells. Specific enzymatic reactions for the mitochondrial marker enzymes GDH 
(left panel) and fumarase (middle panel) or for the cytoplasmic enzyme LDH (right 
panel) were measured spectrophotometrically in the Triton-X100 cell extracts 
from neutrophils (closed bars) or HL-60 cells (open bars). Results show the slope 
of the OD34onm decrease (-AOD34onm per min) for GDH and LDH or a slope of 
the OD250nm increase (AOD25onm per min) for fumarase. The total content of 
protein was ~50^g (GDH, fumarase) or ~5//g (LDH) per reaction; data 
(mean + S.E.M.) obtained in six separate experiments 

fumarase in the neutrophil + HL-60 T-X100 colysates was 
similar to that of the only HL-60 T-X100 lysates, excluding thus 
a possibility of nonspecific proteolytic degradation (see below) 
of these enzymes in the neutrophil T-X100 cell lysates (not 
shown). 

However, despite the virtually absent oxidative phosphor
ylation, neutrophil mitochondria do maintain their Ai/»m. This 
was monitored by staining neutrophils with JC-1, a fluorescent 
dye, which differentially stains mitochondria in accordance to 
their Ai/»m.15 Active mitochondria with high Aipm accumulate 
JC-1 aggregates, which are red, whereas, in the mitochondria 
with low Ai/'m (inactive), JC-1 stays in a monomeric, green 
form. This renders the red/green ratio, a sensitive indicator of 
the mitochondrial Aipm changes, which does not depend on 
other factors such as mitochondrial size, shape and density, 
that may influence single-component fluorescent signals.16 

Analyzed in this way in a real-time plate reader assay, Ai/,m 

stayed relatively stable in untreated fresh neutrophils, while it 
was rapidly (within 5 min) dissipated by the uncoupler CCCP 
or by the K + ionophore valinomycin (Figure 3). The same was 
observed in HL-60 cells (Figure 3). These results were 
confirmed by FACS analysis of the neutrophil cell suspension 
stained by JC-1 (data not shown). 

The number of the mitochondrial DNA copies in 
neutrophils is low 

The data shown above confirm that neutrophils do possess 
mitochondria. However, regarding the findings that neutro
phils hardly display any mitochondrial oxidative phosphoryla
tion and show a lack of mitochondrial marker enzyme 
activities (see Figures 1 and 2), the relative number of 
mitochondria in neutrophils remained unclear. To resolve this 
question, we employed a quantitative PCR on the human 
cytochrome c oxidase subunit I (CCOI) gene encoded by 
mitochondrial DNA,17 because mitochondria are unique 
organelles with a separate, autonomously replicating DNA 
genome.18 The CCOI PCR, paralleled by PCR on the nuclear 
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Figure 3 A^ m in neutrophils and HL-60 cells measured by JC-1 staining. 
Neutrophils (top graph) or HL-60 cells (bottom graph) were stained with JC-1 
(1 /ig/ml) and analyzed in a real-time plate reader assay. Ai/»m was monitored for 
20 min without additions (open circles), with 5 /iM CCCP (closed squares) or with 
5ftM valinomycin (closed triangles). Results are expressed as a change in the 
ratio between red JC-1 fluorescence (Em 590 nm), and green JC-1 fluorescence 
(Em 535 nm) over time. Each point represents the mean + S.E.M. from three 
(neutrophils) or six (HL-60) experiments 

gene for the human albumin, which have two copies per 
nuclear genome, yields a relative estimation of the number of 
mtDNA copies per cel l . As shown in Figure 4, neutrophils had 
3 0 - 4 0 and 10 -15 t imes less copies of the mitochondrial 
genome in compar ison to HL-60 cells and PBMC, respec
tively. 

During the neutrophilic lineage maturation, HL-60 
cells gain tubular mitochondria and lose 
cytochrome c expression 

Despite a limited role of neutrophil mitochondria in cellular 
metabolism, our recent studies have suggested that these 
organelles might be involved in neutrophil cell death.5,6 In an 
attempt to clarify the role of mitochondria in apoptosis, we 
studied the expression of a number of proapoptotic mitochon
drial proteins. ,19 Unexpectedly, none of the tested proteins, 
including cytochrome c, AIF, Omi and Smac gave a positive 
signal in Western blot (Figure 5, lane 1), whereas a 
mitochondrial isoform of superoxide dismutase (MnSOD) or 
the cytoplasmic protein Bax were readily detectable (Figure 5, 
lane 1). In contrast, all proteins of interest were present in HL-
60, pr imary monocyte and lymphocyte cell lysates (Figure 5, 
lanes 2, 7 and 8). A t this point, we supposed that neutrophils 
may have lost most of the cytochrome c during maturat ion. To 
address this possibility, the HL-60 cells were induced to 
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Figure 4 Quantification of the mtDNA copy number by real-time PCR. Total 
DNA was extracted from indicated cells, and LightCycler real-time quantitative 
PCR was performed with primers specific for the human mitochondrial gene 
cytochrome c oxidase subunit I (CCOI) and for the human nuclear gene albumin. 
Values indicate the number of CCOI copies per albumin copy, calculated as 
described in Materials and Methods; the individual values and means (+S.E.M.) 
of four independent experiments 
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Figure 5 Expression of mitochondrial proteins and Bax in primary leukocytes 
and in HL-60 cells. Whole-cell lysates were prepared without (lanes 1-3,7,8) or 
with (lanes 4-6) DFP preincubation before lysis (see Materials and Methods). 
Equivalents of 1 x 106 neutrophils (lanes 1 and 3), 0.25 x 106 HL-60 cells (lanes 
2 and 5) or of their colysates (lanes 3 and 6), of 0.5 x 106 monocytes and 
lymphocytes (lanes 7 and 8, respectively) were subjected to SDS-PAGE. 
Western blot was performed with specific antibodies for the indicated proteins. 
The results represent three independent experiments 
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differentiate to the neutrophilic lineage by DMSO. The 
maturing cells showed a gradual increase in NADPH-oxidase 
activity (Figure 6a), which after 5 days of maturation was 
about half of that of primary neutrophils (3315 ±693 relative 
fluorescence units (RFU)/min for 5-day-DMSO-treated HL-60 
and 6725±1156RFU/min for primary neutrophils; mean± 
S.E.M., n=3). In parallel, the shape of the mitochondria was 
monitored. As shown in Figure 6b (left panel), undifferentiated 
HL-60 cells had punctate mitochondria. Remarkably, in the 
maturing cells, the mitochondria changed their shape into 
tubular structures (Figure 6b, right panel), as previously found 
in neutrophils.5 The number of cells with tubular mitochondria 
was growing in correspondence to the increase in the 
NADPH-oxidase activity (Figure 6a and c). Then, we 
measured the expression of the proapoptotic mitochondrial 
proteins during HL-60 maturation by Western blot. 
Cytochrome c expression was found to rapidly drop just 
after the first day of DMSO treatment, reaching the detection 
limit on the fifth day, whereas the expression of AIF, Omi 
and Smac remained relatively stable during the whole period 
of maturation (Figure 6d). These data indicate that, during 
the neutrophilic maturation, HL-60 cells selectively lose 
cytochrome c expression and form tubular mitochondria, 
which may be considered as indicators of neutrophil 
maturation. 

In the neutrophil cell lysates, detection of 
mitochondrial proteins is limited due to 
nonspecific proteolysis 

Our failure to detect mitochondrial proteins in neutrophil 
lysates may reflect the low number of mitochondria per 
neutrophil (see Figure 4), with the quantity of proteins below 
the Western blot detection limit. Alternatively, the tremendous 
proteolytic potential of neutrophils may cause aspecific 
degradation of proteins, leading to loss of their detection.7'20 

As shown in Figure 5, lane 1, together with apoptosis-
related mitochondrial proteins, porin, a channel-forming 
protein in the outer mitochondrial membrane (also known as 
voltage-dependent anion channel, VDAC),21 was undetect
able. Due to its abundance, porin is often used as a reference 
standard in Western blot when assaying other mitochondrial 
proteins.22 At the same time, another mitochondrial marker 
MnSOD2324 gave a strong signal (Figure 5, lane 1). This 
contradiction suggested a selective nonspecific proteolysis of 
mitochondrial proteins in the conventional neutrophil lysates. 
Indeed, when neutrophils and HL-60 cells, in numbers loaded 
in lanes 1 and 2, respectively (Figure 5), were lysed together, 
the signals from cytochrome c, AIF, Omi, Smac and porin, 
normally present in the HL-60 lysates, were dramatically 
reduced (Figure 5, lane 3). This happened despite the 
presence of a broad-spectrum protease inhibitor cocktail 
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during the lysis procedure, which allowed detection of the 
signals in the other cell preparations (Figure 5, lanes 2, 7 and 
8). Detection of MnSOD and Bax remained good in all the 
three preparations (Figure 5, lanes 1-3). Preincubation of 
cells with the serine protease inhibitor DFP before lysis (see 
Materials and Methods section) enabled detection in the 
neutrophil lysates of AIF, Omi, Smac and porin (Figure 5, lane 
4). For all further immunoblotting analyses, the cell lysates 
were prepared in the presence of DFP. However, cytochrome 
c was still undetectable, and this could not be explained by 
aspecific proteolysis, because cytochrome c displayed a 
strong signal in the DFP-protected colysate of neutrophils and 
HL-60 cells (Figure 5, lane 6). 

Neutrophil mitochondria release proapoptotic 
proteins into the cytosol during apoptosis 

To show that the neutrophil mitochondria release their 
proapoptotic proteins into the cytosol upon apoptosis, sub
cellular fractionation into cytosolic and mitochondria fractions 
was performed. As a model of apoptosis, we used the 3-h 
TNF-o/CHX-treated neutrophils, which die rapidly and mas-

Neutrophils 

sively by classical caspase-dependent apoptosis.25-27 These 
conditions appeared to be optimal, because the majority of 
neutrophils become apoptotic (70-80% bind Annexin-V (see 
the legend of Figure 7) and display morphological apoptosis 
(not shown)), while preserving the intactness of the plasma 
membrane (PI staining in <5%). These circumstances thus 
minimize the possibility for proteins to leak out of the cell, 
which is real during an overnight culture, when ~ 15-30% of 
cells become Pl-permeable. The same reasons are applicable 
for the etoposide-induced HL-60 apoptosis, used in our study. 

Subcellular fractionation discovered a weak cytochrome c 
expression in the neutrophil mitochondrial fraction (Figure 7, 
lanes 4 and 5), apparently due to the increased protein 
concentration. As shown in Figure 7, none of the mitochon
drial proteins was present in the cytosol of freshly purified 
neutrophils (lane 1) or neutrophils cultured without additions 
for 3 h (lane 2). The cytosol of untreated HL-60 cells was also 
free of those proteins (Figure 7, lane 7). Induction of apoptosis 
with TNF-a/CHX coincided with a massive release of Omi and 
Smac from the mitochondria, where they are normally present 
in intact cells (Figure 7, lanes 4 and 5), into the cytosol 
(Figure 7, lane 3), with a concomitant decrease in signal from 
the mitochondrial fraction (Figure 6, lane 6). The same was 

HL-60 

Cytosol Mitochondria Cytosol Mitochondria 

Cytoc 

Apaf-1 

Figure 7 Release of proteins from mitochondria to the cytosol in neutrophils and HL-60 cells during apoptosis. Digitonin-based cell fractionation was performed in fresh 
neutrophils (lanes 1 and 4; < 5% Annexin-V + cells), in neutrophils incubated for 3 h without additions (lanes 2 and 5; 10 ± 2% Annexin-V • cells) or with TNF-o/CHX to 
induce apoptosis (T/C; lanes 3 and 6; 74±3% Annexin-V ~ cells). The same procedure was applied to the untreated (lanes 7 and 9; <5% Annexin-V cells) or 
etoposide-treated HL-60 cells ( + Eto; lanes 8 and 10; 29 ±2% Annexin-V ' cells). The percentage of Annexin-V ' cells is given as mean±S.E.M. (n=3). All steps 
were performed in the presence of 2 mM DFP. Thereafter, the cytosol (lanes 1-3,7,8) and the mitochondrial (lanes 4-6,9,10) fractions were subjected to SDS-PAGE. 
Western blot was performed with specific antibodies for the indicated proteins. Each neutrophil fraction represents ~ 2 x 10 cells, each HL-60 fraction represents 
~0.4 x 106 HL-60 cells. The probe with antiporin and anti-Apaf-1 Ab served as a reference for mitochondria and cytosol, respectively. The results represent three 
independent experiments 
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happening in HL-60 cells treated with etoposide (Figure 7, 
lanes 8 and 10). A faint band of cytochrome c was found in the 
TNF-a/CHX-treated neutrophil cytosol only after film over
exposure (not shown), whereas it was readily detectable in the 
cytosol of the etoposide-treated HL-60 cells (Figure 7, lane 8). 
AIF was present only in the mitochondrial fraction, irrespective 
of the extent of apoptosis, both in neutrophils and HL-60 cells 
(Figure 7, lanes 4-6, 9 and 10). Pellet fractions after the 
mitochondrial lysis step, which contained unsolubilized 
proteins, possessed a small amount of AIF, as determined 
by Western blot (data not shown). This supposed that, under 
our experimental settings, AIF did not undergo the nuclear 
translocation observed in other cell types.19 The purity of 
subcellular fractions was confirmed by detection of porin (see 
above), which was exclusively present in the mitochondrial 
fractions of neutrophils and HL-60 cells (Figure 7, lanes 4-6,9 
and 10). In contrast, the cytosolic protein Apaf-1 was indeed 
found only in the cytosol fractions, both in neutrophils and HL-
60 cells (Figure 7, lanes 1-3, 7 and 8), irrespective of 
apoptosis. Bax protein is known to have a cytosolic localiza
tion in intact neutrophils (Figure 7, lanes 1 and 2), and 
translocates to the mitochondria upon apoptosis,5,6 as is 
evident in Figure 7, lanes 3 and 6. In HL-60 cells, Bax was 
localized both in the cytosol and mitochondria without 
significant changes during apoptosis (Figure 7, lanes 7-10). 
Thus, the neutrophil mitochondria actively participate in cell 
death, releasing a number of proapoptotic proteins into the 
cytosol upon induction of apoptosis. 

Neutrophils activate caspase-9 during apoptosis 

There are two major pathways of apoptosis within a cell. The 
extrinsic (death receptor-dependent) pathway proceeds 
through caspase-8 activation, whereas the intrinsic (mito
chondrial, stress-induced) route of apoptosis involves a 
cytochrome c/Apaf-1 -dependent assembly of apoptosome 
and activation of caspase-9. However, this division is some
what artificial, because both pathways overlap and can 
amplify each other, with active caspase-3 as a common final 
effector. Considering the very low expression of cytochrome c 
in neutrophils, which was only detectable after subcellular 
fractionation (see Figure 5, lane 4, and Figure 7), the question 
emerged as to whether the classical apoptosome-dependent 
caspase-9 activation is operative in neutrophils. Data in 
Figure 7 (lanes 1-3) show the other component of the 
apoptosome (Apaf-1) to be present in the neutrophil cytosol. 
Moreover, the Apaf-1 expression in neutrophils was much 
higher compared to HL-60 cells (Figure 8a, lanes 1 and 2). 
Next, caspase-9 activation was studied by specific antibodies 
on Western blot. In neutrophil preparations in which apoptosis 
was minimal, the full-length caspase-9 proenzyme was 
present, whereas it was almost absent in apoptotic cells 
(Figure 9, caspase-9, upper panel, lanes 1-4), indicating 
proteolytic activation. Complete caspase-9 activation was 
evident in neutrophils that went into apoptosis after induction 
of the extrinsic death pathway (TNF-a + CHX), which is 
believed to be initiated by processing of caspase-8 (Figure 9, 
lane 3). On the other hand, overnight cultured neutrophils 
(81 +4.6% Annexin-V + cells; mean ± S.E.M., n=3), which die 
without external stimulation through intrinsic mechanisms, 

Figure 8 No expression of cytochrome c and porin in neutrophil-derived 
cytoplasts. (a) Total cell lysates were prepared from HL-60 cells (lane 1), 
neutrophils (lane 2), or cytoplasts (lane 3) in the presence of 2 mM DFP, and 
equal amounts of protein (~ 30 HQ) were separated by SDS-PAGE. Western blot 
was performed with antibodies specific for the indicated proteins, (b) Cytochrome 
c was immunoprecipitated from the cell lysates (~ 100/̂ g of total protein), the 
precipitates were resolved by SDS-PAGE followed by Western blot. The blot was 
probed with an anticytochrome c monoclonal Ab. The results are representative 
for three independent experiments 

displayed both caspase-9 and -8 (Figure 9, lane 4) activation 
as well. Activation of caspase-9 and -8 was also observed in 
etoposide-treated HL-60 cells (Figure 9, lane 8). Finally, 
promotion of either pathway led to caspase-3 activation 
(Figure 9, lanes 3 and 4), which was also found in apoptotic 
HL-60 cells (Figure 9, lane 8). Thus, despite the extremely low 
expression of cytochrome c, the activation of caspase-9 is 
functional in neutrophils. Moreover, processing of caspase-9 
was also followed by an increase in enzymatic activity of 
caspase-9 in apoptotic neutrophils, which was monitored by 
cleavage of the specific fluorogenic caspase-9 substrate Ac-
LEHD-AMC,28 as described earlier29 (data not shown). 

Mitochondria-free neutrophil-derived cytoplasts 
still activate caspase-9 
In our recent studies, we have reported a model of neutrophil 
apoptosis that we consider as a 'mitochondria-free' system, 
namely the cytoplast cell death.5,6 In the present study, the 
absence of mitochondria in cytoplasts was confirmed by the 
lack of porin expression (Figure 8a, lane 3). In the neutrophil 
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Figure 9 Activation of caspases in neutrophils, neutrophil-derived cytoplasts 
and HL-60 cells upon apoptosis. Total cell lysates were prepared in the presence 
of 2 mM DFP from fresh neutrophils (lane 1), from neutrophils cultured for 3 h or 
overnight without additions (lanes 2 and 4, respectively) or with TNF-a/CHX (lane 
3); from fresh cytoplasts (lane 5) or from cytoplasts cultured untreated overnight 
(lane 6); and from untreated (lane 7) or etoposide-treated HL-60 cells (lane 8). 
The equivalent of ~30/<g total protein was subjected to SDS-PAGE, and 
Western blot was performed with specific Abs for indicated proteins. The 
expression of Bax was used as a control for protein loading. The results are 
representative of three independent experiments 

cytoplasts, from which the organelles had been removed by a 
discontinuous gradient ultracentrifugation, we still observed 
apoptotic changes after overnight culturing reminiscent of 
those of intact neutrophils, including membrane flip-flop with 
phosphatidylserine exposure on the cell surface (54±7% 
Annexin-V+ cytoplasts; mean + S.E.M., n=3) and the activa
tion of caspase-8 and -3, which were all absent in fresh 
cytoplasts (Figure 9, lanes 5 and 6; see Maianski et a/.5). 
When we now checked the processing of procaspase-9 in 
apoptotic cytoplasts, it was found to be normal, and, more
over, complete cleavage of the 47-kDa procaspase-9 was 
accompanied by detection of a 37-kDa active fragment of 
capsase-9 in cytoplasts (Figure 9, caspase-9, upper and 
lower panels, lane 6), which was missing in lanes with the 
apoptotic neutrophil cell lysates (Figure 9, caspase-9, lower 
panel, lanes 3 and 4). This may be explained by enhanced 
apoptotic degradation or by nonspecific proteolysis during 
sample preparation (see above) of the active caspase-9 in the 
neutrophils, because cytoplasts are devoid of granules (and 
their proteases). Also, in apoptotic HL-60 cells, which have a 
weak proteolytic potential, the active caspase-9 was detect
able (Figure 9, caspase-9, lower panel, lane 8). 

The intact activation of caspase-9 in cytoplasts stimulated 
us to investigate their apoptosome pathway of cell death in 
more detail. Apaf-1 was present in the cytoplast lysate 
(Figure 8a, lane 3). At the same time, we were unable to 
detect any cytochrome c in cytoplasts, either by conventional 
Western blot or by cytochrome c immunoprecipitation (Figure 
8a and b, lane 3), whereas cytochrome c was immunopreci-
pitated from the HL-60 and - to a minute extent - from 
neutrophil preparations (Figure 8b, lanes 1 and 2, respec
tively). 

Discussion 
In the present study, we investigated the role of mitochondria 
in neutrophil physiology. The neutrophil mitochondria ap
peared to be peculiar organelles compared to mitochondria in 
other cell types. The best known function of mitochondria is 
their leading role in cellular energy metabolism, that is, 
oxidative phosphorylation to produce ATP. The oxidative 
reactions proceed in the mitochondrial respiratory chain, 
which consists of several inner membrane-embedded enzy
matic complexes. In neutrophils, the mitochondria hardly 
contribute to the ATP level, as was evident from experiments 
with specific inhibitors of different respiratory complexes 
(Figure 1). They also lack activity of marker enzymes such 
as GDH and fumarase (Figure 2). At the same time, an 
important component of the outer mitochondrial membrane, 
porin, which regulates the transmembrane ion flow,21 is 
expressed in neutrophils, proving the presence of mitochon
dria in these cells (Figures 7 and 8a). The mitochondria in 
neutrophils do maintain Aipm, which is sensitive to CCCP and 
to valinomycin (Figure 3; see below). Furthermore, employing 
the real-time quantitative PCR, we discovered that neutrophils 
possess mtDNA, an indispensable and absolute marker of 
mitochondria. This technique also demonstrated that the 
mitochondria in neutrophils are much less abundant than in 
other primary leukocytes or HL-60 cells (Figure 4), but their 
number is higher than 5-6 per cell, as previously estimated by 
electron microscopy.30 

A growing body of evidence demonstrates that mitochon
dria combine well-known metabolic functions with an involve
ment in the control of cell death.1 In neutrophils, the 
mitochondria lack life-supporting activity, but regulate neu
trophil cell death, thus representing an exceptional type of 
organelle. The neutrophil mitochondria express and release 
into the cytosol a number of proapoptotic proteins during 
apoptosis, among which are cytochrome c, Smac/DIABLO 
and Omi/HtrA2 (see below). This was established only after 
we prevented the loss of Western blot signal due to 
nonspecific proteolysis by the addition of DFP. Nonspecific 
degradation of other proteins, including for instance STAT20 

and procaspase-3,7 leading to loss of their detection, has 
been reported. This underscores that in neutrophils, which 
possess a powerful proteolytic potential, the absence of 
protein detection does not necessarily indicate that a protein is 
not expressed. Indeed, the use of the DFP-treated neutrophil 
lysates enabled us to detect the mitochondrial proapoptotic 
effector Smac and caspase-9 (Figures 7 and 9), whereas 
other investigators7,24 have failed to detect these in neutro
phils. 

Cytochrome cis believed to be one of the principal apoptotic 
players. It is released from mitochondria upon an apoptotic 
insult and participates in the assembly of the apoptosome to 
promote caspase-9 activation.31'32 However, the present data 
and the results from other studies7'24,25 indicate that 
neutrophils express an extremely low amount of cytochrome 
c. In our hands, cytochrome cwas only detectable by Western 
blot after concentration procedures such as subcellular 
fractionation or immunoprecipitation (see Figures 5, 7 and 
8b). Moreover, during the DMSO-induced neutrophilic differ
entiation of HL-60 cells, we observed a gradual depletion of 
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cytochrome c expression, coinciding with increased expres
sion of the NADPH-oxidase system and elongation of 
mitochondria (see Figure 6). This was not a nonspecific loss 
of signal due to an increase of proteolytic capacity in maturing 
cells, because the level of other tested proteins remained 
stable. Probably, the cytochrome c deficiency is a 'genuine' 
feature of mature neutrophils, which may explain particular 
features of their physiology. 

A lack of cytochrome c means a lack of the mitochondrial 
respiratory chain complex IV activity, which was indeed 
undetectable in neutrophils by a cytochrome c-oxidase activity 
assay33 (data not shown). Theoretically, this situation 
(absence or lack of cytochrome c) may lead to accumulation 
of electrons in the respiratory chain and subsequent formation 
of reactive oxygen species (ROS), if the other respiratory 
complexes, which do not need cytochrome c, are still active. 
The latter is currently under investigation, although we expect 
that cytochrome c-independent mitochondrial complexes are 
likely to preserve some activity in neutrophils, because 
mitochondria-derived ROS have been shown to mediate the 
TNF-a-induced caspase-independent neutrophil cell death.6 

In this respect, also a high expression of the mitochondrial 
anti-oxidant enzyme MnSOD in neutrophils seems to be 
logical (see Figure 5, lane 4 and Murphy etal.24), because this 
enzyme may have the important physiological role of 
inactivating excessive ROS in the absence of the functional 
'natural' sink of electrons - complex IV. Increased oxidant 
injury due to loss of the protective function of MnSOD has 
been proposed to play a role in glucocorticoid-induced 
apoptosis of eosinophils,34 which are believed to have a 
defective mitochondrial respiration like neutrophils.4 

Neutrophil mitochondria lacking cytochrome c and having 
no complex IV activity do, however, create Aij/m (Figure 3), 
although the underlying mechanism remains unclear. It has 
been hypothesized that eosinophils, close 'relatives' of 
neutrophils, which also rely on glycolysis for their energy 
demands, use ATP transported from the cytoplasm into the 
mitochondria to maintain Ai/rm.4 However, this hypothesis 
seems not to be applicable to neutrophils, because the 
inhibitor of the mitochondrial adenine translocator, bongkrekic 
acid, which blocks the ATP transport to the mitochondrial 
matrix, had no effect on Ai^m in neutrophils (not shown). 
Similarly, inhibition of glycolysis by sodium iodoacetate did not 
influence A\j/m in neutrophils (during a 90 min incubation), 
despite a 99% depletion of ATP (not shown). More likely, here 
is again a role for the remaining respiratory complexes, whose 
proton-pumping activity may control Aij/m. In agreement with 
this suggestion is the sensitivity of the neutrophil Aij/m to 
uncouplers or K + ionophores, such as CCCP and valinomy-
cin, observed by us (see Figure 3) and others.3,35 

The cytochrome c deficiency raised the question about 
functionality of the intrinsic (mitochondrial) pathway of 
apoptosis in neutrophils, which has not yet been studied 
before. This pathway is initiated by release of cytochrome c 
from the mitochondria, promoting the oligomerization of Apaf-
1 and recruitment of the caspase-9 zymogen. Such a 
multimolecular complex consisting of cytochrome c, Apaf-1 
and caspase-9 is called an apoptosome and contains 
enzymatically active caspase-9.32 Our present results indi
cate that caspase-9 is activated in neutrophils during either 

spontaneous or TNF-a-induced apoptosis despite the scarcity 
of cytochrome c (Figure 9). This finding suggests that the 
intrinsic death pathway in neutrophils is different from that in 
other cell types. While this manuscript was in preparation, 
Murphy etal.24 have published a study in which they proposed 
that, in neutrophils, the cytochrome-c-dependent apoptotic 
pathway displays a dramatic reduction in the requirement for 
cytochrome c. It was suggested that neutrophils have a 
lowered threshold requirement for cytochrome c, and their low 
content of cytochrome c is partially compensated by the 
increased expression of Apaf-1.24 This is in keeping with the 
present results, which show a relatively high content of Apaf-1 
in neutrophils in comparison to HL-60 cells (Figure 8a), and 
with the hypothesis that upregulation of Apaf-1 contributes to 
the increased sensitivity of apoptosome activation to cyto
chrome c.36 On the other hand, neutrophil-derived cytoplasts, 
which are devoid of any detectable cytochrome c (Figure 8), 
still displayed intact activation of caspase-9 (Figure 9). 
Perhaps, the apoptosome pathway of caspase-9 activation 
in neutrophils demands even less cytochrome c than has 
been proposed.24 Although we cannot rule out the possibility 
that cytoplasts contain an exceptionally low number of 
cytochrome c molecules, we believe that, in neutrophils and 
neutrophil-derived cytoplasts, cytochrome c-independent 
caspase-9 activation may occur. The fact that, in cytochrome 
c~'~ cells, stress-induced apoptosis (i.e. the intrinsic death 
pathway) is attenuated but not abrogated,37 suggests the 
existence of additional mechanisms, which are cytochrome o 
independent and can mediate the intrinsic activation of 
caspases. Capsase-9 processing and activity has not been 
studied in the cytochrome c~'' cells,37 but a cell-free system 
of endoplasmic reticulum stress-induced apoptosis, lacking 
cytochrome c and Apaf-1, has reportedly been capable of 
caspase-9 cleavage.38 Thus, the mechanism of caspase-9 
activation in neutrophils requires further clarification, because 
the existing experimental data do not allow a firm conclusion 
whether cytochrome c is required for it or not. Nevertheless, 
whatever the activation mechanism is, caspase-9 seems to 
play an important role in neutrophil apoptosis since caspase-9 
(and caspase-3) activation precedes the activation of cas-
pase-8, at least after TNF-a/CHX treatment (N.A.M., unpub
lished data). Hence, neutrophils likely belong to the type II 
cells.39 This finding also circumstantially underscores the 
importance of mitochondria in the neutrophil cell death 
machinery, irrespective of the precise role of these organelles 
- inducers or amplifiers of caspase activation. 

The questionable role of cytochrome c in neutrophil 
apoptosis advances other mitochondrial proteins to the scene. 
The present results show a massive release of the mitochon
drial proapoptotic effector proteins Smac/DIABLO and Omi/ 
HtrA24 t W 5 into the cytosol during neutrophil apoptosis 
(Figure 7). Both proteins are capable of promoting caspase-
9 activation by binding to inhibitor of apoptosis proteins 
(lAPs)46 and removing, therefore, their inhibitory activity. 
Probably, this mechanism controls the intrinsic pathway of 
apoptosis in neutrophils, since the expression of several 
members of the IAP family has recently been reported in these 
cells.24,47,48 Moreover, delay of neutrophil apoptosis due to 
impaired degradation of XIAP has been associated with the 
pathological neutrophil accumulation in chronic neutrophilic 
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leukemia,46,47 underlining the importance of IAP-dependent 
regulation of neutrophil cell death. At the same time, an intact 
activation of caspase-9 in cytoplasts, which are devoid of 
mitochondrial structures (porin), does not exclude that a 
cytoplasmic factor also might be involved. However, as 
mentioned above, some leakage of proteins from mitochon
dria during cytoplast preparation cannot be ruled out. 

In conclusion, our present results indicate that neutrophil 
mitochondria, although deficient in life-maintaining functions 
and limited in number, still preserve the potential to support 
apoptotic caspase activation. Further studies are required to 
fully elucidate the unusual physiology of neutrophil mitochon
dria. 

Materials and Methods 

Cell preparation and culture 

Neutrophils were isolated from heparinized venous blood of healthy 

volunteers49 after obtaining informed consent as described. Peripheral 

blood mononuclear cells (PBMCs) and platelets were removed by density 

gradient centrifugation over isotonic Percoll (Pharmacia, Uppsala, 

Sweden) with a specific gravity of 1.078 g/ml, which decreased the PBMC 

contamination of neutrophil preparations to about 0.2%, as assessed by 

flow cytometry. PBMCs were separated into monocytes and lymphocytes 

by means of elutriation centrifugation.50 Both preparations were more than 

95% pure. For induction of apoptosis, 1 ml of neutrophil cell suspension 

(5 x 106/ml) in Iscove's modified Dulbecco's medium (complete IMDM5) 

was added to a 24-well plate and treated with a combination of tumor 

necrosis factor a (TNF-a; 50 ng/ml; Calbiochem, Bad Soden, Germany) 

and cycloheximide (CHX; 2//g/ml; Calbiochem) in a humidified C0 2 

incubator at 37°C for 3 h, or left untreated for 16-18 h at 37°C. 

Cytoplasts were prepared by ultracentrifugation over a discontinuous 

Ficoll-70 gradient.5 For culturing, cytoplasts were resuspended at a final 

concentration of 10 x 106/ml in complete IMDM, and were incubated 

overnight (16-18 h) at 37°C. 

Neutrophilic maturation of the HL-60 cell line was induced in the 

exponentially growing cells, which were seeded at 0.5 x 106 cells/ml of the 

IMDM complete containing 1.25% dimethyl sulfoxide (DMSO; J.T. Baker 

BV, Deventer, The Netherlands).51 Fresh medium with DMSO was added 

every other day of culture to prevent cell overgrowth. 

Apoptosis was induced in undifferentiated HL-60 cells by treatment with 

100//M etoposide (Calbiochem) for 4-5 h. 

ATP concentration 

ATP concentration was measured by a luciferase-based bioluminescence 

assay, as described.4 

Measurement of enzymatic activity of GDH, LDH 
and fumarase 

Cells were lysed in PBS containing 1% Triton-X100 (v/v; T-X100; Sigma, 

St. Louis, MO, USA), at a concentration of 10-100 x 106/mlfor10-15min 

on ice. After a 5-min centrifugation at 22 000 x g, the supematants were 

collected, and protein concentration was determined by a BCA protein 

assay kit (Pierce, Rockford, IL, USA). GDH52 and LDH53 reactions were 

assessed in a transparent 96-well plate. An aliquot of the cell extract 

(~50/*g protein for GDH and ~ 5 / / g protein for LDH) diluted in 50 mM 

potassium phosphate buffer (PPB; pH 7.4) was added to a well preloaded 

with: for GDH measurement - 110/d of reaction mixture (20 mM NH4CI, 

0.5 mM ADP in PPB) and 20//I NADH (2.1 mg/ml); for LDH measurement 

- 1 2 0 /il PPB and 10 //I NADH. Reactions were started by addition of 20 pi 

of an appropriate substrate (5 mM a-ketoglutarate or 1 mM pyruvate (final 

concentrations) for GDH or LDH reaction, respectively). The decrease in 

absorbance (optical density, OD) at 340 nm, resulting from conversion of 

NADH to NAD, was monitored at 10-s intervals for 5 min by the 

HTS7000+ plate reader (Perkin Elmer, Norwalk, CT, USA), and 

expressed as -AOD^onm per min. 

Fumarase activity was assessed as described,54 in a cuvette of 1 cm 

light path containing 950 pi of 50 mM L-malate in PPB and 50 pi ( ~ 50 //g 

protein) of a cell extract. The increase in absorbance at 250 nm 

(AOD25onm) was recorded at 10-s intervals for 5 min by a spectro

photometer (Lambda 2; Perkin-Elmer). 

Mitochondrial stainings 

To assess the mitochondrial transmembrane potential (A\pm), an equal 

number of neutrophils or HL-60 cells (1 x 106) were resuspended in 1 ml 

HEPES buffer5 containing 1 /<g/ml JC-1 (Molecular Probes; Eugene, OR, 

USA), and incubated for 15 min at 37°C in a water bath. After washing, the 

cells were resuspended in 1 ml of stain-free HEPES. The resulting cell 

suspensions (50 pi) were added to a 96-well plate, and the fluorescence 

was measured as a time 0 point by the HTS7000 + plate reader (Perkin-

Elmer; Ex 485 nm; Em JC-1-Red 590 nm, Em JC-1-Green 535 nm). 

Afterwards, 50 /<l of carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 

Calbiochem) or valinomycin (Sigma), both at a final concentration of 5 //M, 

or buffer were added to the wells, and the fluorescence was assessed 

every 2 min for 20 min. For each time point, a red/green fluorescence ratio 

was calculated. 

To evaluate the shape of the mitochondria during HL-60 maturation, the 

cells were stained with 100 /(M MitoTracker GreenFM (Molecular Probes), 

and were analyzed by a confocal laser-scanning microscope (LSM510, 

Carl Zeiss, Heidelberg, Germany), as described.5 

Measurement of NADPH-oxidase activity 

The PMA-induced NADPH-oxidase activity during HL-60 maturation was 

assessed with a plate reader fluorimetric assay, based on hydrogen 

peroxide-mediated oxidation of Amplex Red (Molecular Probes).29 

Measurement of apoptosis 
Apoptosis was assessed by flow cytometry with the Annexin-V-fluorescein 

isothiocyanate (FITC)/propidium iodide (PI) kit (Bender MedSystems, 

Vienna, Austria), or by morphological evaluation of cytospins stained with 

May-Grünwald-Giemsa solution, as described.6 Cytoplast apoptosis was 

assessed by Annexin-V-FITC binding, without the PI step. 

Subcellular fractionation and Western blotting 

Whole-cell lysates were prepared as follows. The cell pellets were 

resuspended in a protease inhibitor mixture (PIM; one tablet of Complete 

Mini protease inhibitor cocktail (Roche, Mannheim, Germany) in 5 ml of 

PBS containing 5 mM EDTA) with or without 2 mM diisopropyl fluoropho-

sphate (DFP; Acros Organics, New Jersey, NJ, USA), and incubated for 

15 min on ice before lysis. The neutrophil + HL-60 colysates shown in 

Figure 5, lanes 3 and 6, were prepared by pelleting these cells together in 

the same tube. After addition of an equal amount of 2 x SDS sample 
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buffer (SDS-SB) with 4% mercaptoethanol, the preparations were boiled 
for 15 min and kept at -20°C before use. 

To obtain subcellular fractions, cells treated under various conditions 
were washed in ice-cold PBS and resuspended in the ice-cold cytosol 
extraction buffer (250 mM sucrose, 70 mM KCI, 250/<g/ml digitonin, PIM, 
2mM DFP in PBS) at final concentrations of 100 x 106/ml (neutrophils) 
and 40 x 106/ml (HL-60). After a 10-15 min incubation on ice, when 
> 90% cells became trypan blue positive, the preparations were spun at 
1000 x g for 5 min, and the supematants were kept as cytosolic fractions. 
The pellets were resuspended in the same volume (as the cytosol 
extraction buffer) of the ice-cold mitochondria lysis buffer (100 mM NaCI, 
10 mM MgCI2-6H20, 2mM EGTA, 2mM EDTA, 1 % NP-40 (v/v), 10% 
glycerol (v/v), PIM, 2 mM DFP in 50 mM Tris, pH 7.5) and incubated for 
10 min on ice, followed by a 10-min centrifugation at 10000 x g. The 
supematants were taken as mitochondrial fractions. To prepare samples 
for Western blotting, 24/d of either the cytosolic or the mitochondrial 
fraction were mixed with 8/i l of 4 x SDS-SB, containing 8% 
mercaptoethanol, and boiled for 5 min. Pellet fractions, which contained 
unsolubilized proteins, were obtained from the pellets remaining after the 
mitochondria lysis step, by addition of PIM + DFP in a volume equal to that 
of the cytosol extraction buffer used for the cytosolic fraction preparation. 
After addition of 4 x SDS-SB, the samples were boiled for 5 min and kept 
at -20°C before use. 

Western blotting was performed as described.5 The blots were probed 
with monoclonal Ab against cytochrome c (7H8.2C12; Pharmingen, San 
Diego, CA, USA), porin (20B12; Molecular Probes), caspase-8 (1C12; Cell 
Signaling Technology, Beverly, MA, USA), polyclonal Ab against Smac/ 
DIABLO (Ab-1, Oncogene, San Diego, CA, USA), AIF (H-300; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), Bax, Apaf-1, caspase-3 
(Pharmingen), Mn superoxide dismutase (MnSOD; Stressgen, Canada), 
total and cleaved caspase-9 (Cell Signaling Technology). All monoclonal 
Abs were used at a final concentration of 1 //g/ml, and polyclonal Abs at a 
dilution of 1:1000. Anti-Omi/HtrA2 polyclonal Ab40 was used at a dilution 
of 1:5000. 

Cytochrome c immunoprecipitation (IP) 

Cells (10 x 106 neutrophils; 25 x 106 cytoplasts; 4 x 106 HL-60) were 
lysed in 750/d of IP lysis buffer (100mM NaCI, 10mM MgCI2• 6 H 2 0 , 1 % 
NP-40 (v/v), 10% glycerol (v/v), PIM, 2 mM DFP in 50 mM Tris, pH 7.5) for 
15 min on ice. After a 10-min centrifugation at 2 0 0 0 0 x g , the 
supematants were precleared by continuous rotation for 1 h with 30 /il 
of a 50% slurry of protein G sepharose beads (Amersham Pharmacia 
Biotech, Uppsala, Sweden). IP was performed from ~ 100 ̂ g of total 
protein with 5 fig anticytochrome c monoclonal Ab (6H2.B4; BD 
Pharmingen) during a 1-h incubation under rotation at 4°C, and the 
precipitates were washed three times in the IP lysis buffer. Afterwards, the 
complexes were boiled for 5 min in 30/A of SDS-SB with 2% 
mercaptoethanol, spun down, and 10 /A of the resulting supematants 
were loaded on 15% SDS-PAGE with subsequent Western blotting. 

Quantitative real-time PCR 

Quantitative real-time PCR was performed as described.17 Total DNA was 

extracted from purified neutrophils, HL-60 cells or PBMC with the QIAamp 

DNA mini kit (Qiagen, Valencia, CA, USA). For each DNA extract, the 

nuclear gene human albumin and the mitochondrial gene human 

cytochrome-c oxidase subunit I (CCOI) were quantified separately by 

real-time quantitative PCR using a Roche LightCycler (Roche Applied 

Science, Laval, Que, Canada). For the CCOI gene, the CCOI-F 5'CTC 

CCA CCC TGG AGC CTC CGT AGA C3' and CCOI-R 5'GGG AGA TTA 
TTC CGA AGC CTG GTA G3' primers were used for PCR amplification. 
The mitochondrial DNA (mtDNA) copy number per cell was calculated as 
the ratio between the number of CCOI copies and the number of albumin 
copies.55 Specificity of the CCOI PCR product was confirmed by sequence 
analysis (not shown). 

Acknowledgements 
We are grateful to Dr. W Sluiter and Professor HR Scholte for fruitful 
collaboration. We thank M de Boer and R Dee for help in quantitative PCR, 
E Mul for technical assistance, and Dr. A Tool, Dr. A Verhoeven and Dr. K 
Krab for helpful suggestions. 

References 
1. Newmeyer DD and Ferguson-Miller S (2003) Mitochondria: releasing power for 

life and unleashing the machineries of death. Cell 112:481-490 
2. Borregaard N and Hertin T (1982) Energy metabolism of human neutrophils 

during phagocytosis. J. Clin. Invest. 70: 550-557 
3. Fossati G, Moulding DA, Spiller DG, Moots RJ, White MRH and Edwards SW 

(2003) The mitochondrial network of human neutrophils: role in chemotaxis, 
phagocytosis, respiratory burst activation, and commitment to apoptosis. J. 
Immunol. 170:1964-1972 

4. Peachman KK, Lyles DS and Baas DA (2001) Mitochondria in eosinophils: 
functional role in apoptosis but not respiration. Proc. Natl. Acad. Sci. USA 98: 
1717-1722 

5. Maianski NA, Mul FPJ, van Buu! JD, Roos D and Kuijpers TW (2002) 
Granulocyte colony-stimulating factor inhibits the mitochondria-dependent 
activation of caspase-3 in neutrophils. Blood 99: 672-679 

6. Maianski NA, Roos D and Kuijpers TW (2003) Tumor necrosis factor alpha 
induces a caspase-independent death pathway in human neutrophils. Blood 
101:1987-1995 

7. Pryde JG, Walker A, Rossi AG, Hannah S and Haslett C (2000) Temperature-
dependent arrest of neutrophil apoptosis. Failure of Bax insertion into 
mitochondria at 15'C prevents the release of cytochrome c. J. Biol. Chem. 275: 
33574-33584 

8. Adachi S, Kubota M, Wakazono Y, Hirota H, Matsubara K, Kuwakado K, 
Akiyama Y and Mikawa H (1993) Mechanism of enhancement of neutrophil 
survival by granulocyte colony-stimulating factor and adenine. Exp. Hematol. 
21:1213-1218 

9. Schulze-Osthoff K, Bakker AC, Vanhaesebroeck B, Beyaert R, Jacob WA and 
Fiers W (1992) Cytotoxic activity of tumor necrosis factor is mediated by early 
damage of mitochondrial functions. Evidence for the involvement of 
mitochondrial radical generation. J. Biol. Chem. 267: 5317-5323 

10. Hochachka PW, Bianconcini MS, Parkhouse WS and Dobson GP (1991) On 
the role of actomyosin ATPases in regulation of ATP turnover rates during 
intense exercise. Proc. Natl. Acad. Sci. USA 88: 5764-5768 

11. McEnery MW, Dawson TM, Verma A, Guriey D, Colombini M and Snyder SH 
(1993) Mitochondrial voltage-dependent anion channel. Immunochemical and 
immunohistochemical characterization in rat brain. J. Biol. Chem. 268:23289-
23296 

12. Siskind U, Kolesnick RN and Colombini M (2002) Ceramide channels increase 
the permeability of the mitochondrial outer membrane to small proteins. J. Biol. 
Chem. 277: 26796-26803 

13. Collins JM and Foster KA (1983) Differentiation of promyelocyte (HL-60) cells 
into mature granulocytes: mitochondrial-specific modamine 123 fluorescence. 
J. Cell Biol. 96: 94-99 

14. Li N, Ragheb K, Lawler G, Sturgis J, Rajwa B, Melendez JA and Robinson JP 
(2003) Mitochondrial complex I inhibitor rotenone induces apoptosis through 
enhancing mitochondrial reactive oxygen species production. J. Biol. Chem. 
278:8516-8525 

15. Reers M, Smiley ST, Mottola-Hartshom C, Chen A, Lin M and Chen LB (1995) 
Mitochondrial mebrane potential monitored by JC-1 dye. Methods Enzymol. 26: 
406-417 

59 



16. Satvioli S, Ardizzoni A, Franceschi C and Cossarizza A (1997) JC-1, but not 
DiOC6(3) or rhodamine 123, is a reliable fluorescent probe to assess delta psi 
changes in intact cells: implications for studies on mitochondrial functionality 
during apoptosis. FEBS Lett. 411:77-82 

17. Cote HC, Brumme ZL, Craib KJ, Alexander CS, Wynhoven B, Ting L, Wong H, 
Harris M, Harrigan PR, O'Shaughnessy MV and Montaner JS (2002) Changes 
in mitochondrial DNA as a marker of nucleoside toxicity in HIV-infected 
patients. N. Engl. J. Med. 346: 811-820 

18. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J, 
Eperon IC, Nierlich DP, Roe BA, Sanger F, Schreier PH, Smith AJ, Staden R 
and Young IG (1981) Sequence and organization of the human mitochondrial 
genome. Nature 290:457-465 

19. Ravagnan L, Roumier T and Kroemer G (2002) Mitochondria, the killer 
organelles and their weapons. J. Cell Physiol. 192:131-137 

20. McDonald PP, Bovolenta C and Cassatella MA (1998) Activation of distinct 
transcription factors in neutrophils by bacterial LPS, interferon-gamma, and 
GM-CSF and the necessity to overcome the action of endogenous proteases. 
Biochemistry 37:13165-13173 

21. Blachly-Dyson E and Forte M (2001) VDAC channels. IUBMB Life 52:113-118 
22. Hanson BJ, Carrozzo R, Piemonte F, Tessa A, Robinson BH and Capaldi RA 

(2001) Cytochrome c oxidase-deficient patients have distinct subunit assembly 
profiles. J. Biol. Chem. 276:16296-16301 

23. Wong GH, Elwell JH, Oberley LW and Goeddel DV (1989) Manganous 
superoxide dismutase is essential for cellular resistance to cytotoxicity of tumor 
necrosis factor. Cell 58: 923-931 

24. Murphy BM, O'Neill AJ, Adrain C, Watson RW and Martin SJ (2003) The 
apoptosome pathway to caspase activation in primary human neutrophils 
exhibits dramatically reduced requirements for cytochrome c. J. Exp. Med. 197: 
625-632 

25. Liu CY, Takemasa A, Liles WC, Goodman RB, Jonas M, Rosen H, Chi E, Winn 
RK, Harlan JM and Chuang PI (2003) Broad-spectrum caspase inhibition 
paradoxically augments cell death in TNF-alpha-stimulated neutrophils. Blood 
101:295-304 

26. Yamashita K, Takahashi A, Kobayashi S, Hirata H, Mesner Jr PW, Kaufmann 
SH, Yonehara S, Yamamoto K, Uchiyama T and Sasada M (1999) Caspases 
mediate tumor necrosis factor-alpha-induced neutrophil apoptosis and 
downregulation of reactive oxygen production. Blood 93: 674-685 

27. Suzuki K, Hasegawa T, Sakamoto C, Zhou YM, Hato F, Hino M, Tatsumi N and 
Kitagawa S (2001) Cleavage of mitogen-activated protein kinases in human 
neutrophils undergoing apoptosis: role in decreased responsiveness to 
inflammatory cytokines. J. Immunol. 166:1185-1192 

28. Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T, Garcia-Calvo 
M, Houtzager VM, Nordstrom PA, Roy S, Vaillancourt JP, Chapman KT and 
Nicholson DW (1997) A combinatorial approach defines specificities of 
members of the caspase family and granzyme B. Functional relationships 
established for key mediators of apoptosis. J. Biol. Chem. 272:17907-17911 

29. Kuijpers TW, Maianski NA, Tool AT, Smit GPA, Rake JP, Roos D and Visser G 
(2003) Apoptotic neutrophils in the circulation of patients with glycogen storage 
disease type 1b (GSD1b). Blood 101:5021-5024 

30. Korchak HM, Roos D, Giedd KN, Wynkoop EM, Vienne K, Rutherford LE, 
Buyon JP, Rich AM and Weissmann G (1983) Granulocytes without 
degranulation: neutrophil function in granule-depleted cytoplasts. Proc. Natl. 
Acad. Sci. USA 80:4968-4972 

31. Liu X, Kim CN, Yang J, Jemmerson R and Wang X (1996) Induction of 
apoptotic program in cell-free extracts: requirement for dATP and cytochrome 
c. Cell 86:147-157 

32. Adams JM and Cory S (2002) Apoptosomes: engines for caspase activation. 
Curr. Opin. Cell Biol. 14: 715-720 

33. Storrie B and Madden EA (1990) Isolation of subcellular organelles. Methods 
Enzymol. 182: 203-225 

34. Gardai SJ, Hoontrakoon R, Goddard CD, Day BJ, Chang LY, Henson PM and 
Bratton DL (2003) Oxidant-mediated mitochondrial injury in eosinophil 
apoptosis: enhancement by glucocorticoids and inhibition by granulocyte-
macrophage colony-stimulating factor. J. Immunol. 170: 556-566 

35. Lavastre V, Pelletier M, Sailer R, Hostanska K and Girard D (2002) 
Mechanisms involved in spontaneous and Viscum album agglutinin-l-induced 
human neutrophil apoptosis: Viscum album agglutinin-l accelerates the loss of 

antiapoptotic Mcl-1 expression and the degradation of cytoskeletal paxillin and 
vimentin proteins via caspases. J. Immunol. 168:1419-1427 

36. Green DR and Evan Gl (2002) A matter of life and death. Cancer Cell 1:19-30 
37. Li K, Li Y, Shelton JM, Richardson JA, Spencer E, Chen ZJ, Wang X and 

Williams RS (2000) Cytochrome c deficiency causes embryonic lethality and 
attenuates stress-induced apoptosis. Cell 101: 389-399 

38. Rao RV, Castro-Obregon S, Frankowski H, Schuier M, Stoka V, del Rio G, 
Bredesen DE and Ellerby HM (2002) Coupling endoplasmic reticulum stress to 
the cell death program. An Apaf-1-independent intrinsic pathway. J. Biol. 
Chem. 277:21836-21842 

39. Scaffidi C, Fulda S, Srinivasan A, Friesen C, Li F, Tomaselli KJ, Debatin KM, 
Krammer PH and Peter ME (1998) Two CD95 (APO-1/Fas) signaling 
pathways. EMBO J. 17:1675-1687 

40. Hegde R, Srinivasula SM, Zhang Z, Wassell R, Mukattash R, Cilenti L, DuBois 
G, Lazebnik Y, Zervos AS, Fernandes-Alnemri T and Alnemri ES (2002) 
Identification of Omi/HtrA2 as a mitochondrial apoptotic serine protease that 
disrupts inhibitor of apoptosis protein-caspase interaction. J. Biol. Chem. 277: 
432-438 

41. Du C, Fang M, Li Y, Li L and Wang X (2000) Smac, a mitochondrial protein that 
promotes cytochrome c-dependent caspase activation by eliminating IAP 
inhibition. Cell 102: 33-42 

42. Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE, Moritz RL, 
Simpson RJ and Vaux DL (2000) Identification of DIABLO, a mammalian 
protein that promotes apoptosis by binding to and antagonizing IAP proteins. 
Cell 102:43-53 

43. Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K and Takahashi R (2001) 
A serine protease, HtrA2, is released from the mitochondria and interacts with 
XIAP, inducing cell death. Mol. Cell 8: 613-621 

44. Martins LM, laccarino I, Tenev T, Gschmeissner S, Totty NF, Lemoine NR, 
Savopoulos J, Gray CW, Creasy CL, Dingwall C and Downward J (2002) The 
serine protease Omi/HtrA2 regulates apoptosis by binding XIAP through a 
reaper-like motif. J. Biol. Chem. 277:439-444 

45. Verhagen AM, Silke J, Ekert PG, Pakusch M, Kaufmann H, Connolly LM, Day 
CL, Tikoo A, Burke R, Wrobel C, Moritz RL, Simpson RJ and Vaux DL (2002) 
HtrA2 promotes cell death through its serine protease activity and its ability to 
antagonize inhibitor of apoptosis proteins. J. Biol. Chem. 277:445-454 

46. Salvesen GS and Duckett CS (2002) IAP proteins: blocking the road to death's 
door. Nat. Rev. Mol. Cell Biol. 3:401-110 

47. Kobayashi S, Yamashita K, Takeoka T, Ohtsuki T, Suzuki Y, Takahashi R, 
Yamamoto K, Kaufmann SH, Uchiyama T, Sasada M and Takahashi A (2002) 
Calpain-mediated X-linked inhibitor of apoptosis degradation in neutrophil 
apoptosis and its impairment in chronic neutrophilic leukemia. J. Biol. Chem. 
277: 33968-33977 

48. Hasegawa T, Suzuki K, Sakamoto C, Ohta K, Nishiki S, Hino M, Tatsumi N and 
Kitagawa S (2003) Expression of the inhibitor of apoptosis (IAP) family 
members in human neutrophils: up-regulation of clAP2 by granulocyte colony-
stimulating factor and overexpression of clAP2 in chronic neutrophilic leukemia. 
Blood 101:1164-1171 

49. Roos D and Voetman AA (1986) Preparation and cryopreservation of 
cytoplasts from human phagocytes. Methods Enzymol. 132: 250-257 

50. de Boer M and Roos D (1986) Metabolic comparison between basophils and 
other leukocytes from human blood. J. Immunol. 136:3447-3454 

51. Arroyo A, Modriansky M, Serinkan FB, Bello Rl, Matsura T, Jiang J, Tyurin VA, 
Tyurina YY, Fadeel B and Kagan VE (2002) NADPH oxidase-dependent 
oxidation and externalization of phosphatidylserine during apoptosis in Me2SO-
differentiated HL-60 cells. Role in phagocytic clearance. J. Biol. Chem. 277: 
49965-49975 

52. Herrero-Yraola A, Bakhit SM, Franke P, Weise C, Schweiger M, Jorcke D and 
Ziegler M (2001) Regulation of glutamate dehydrogenase by reversible ADP-
ribosylation in mitochondria. EMBO J. 20:2404-2412 

53. Brown SB, Clarke MC, Magowan L, Sanderson H and Savill J (2000) 
Constitutive death of platelets leading to scavenger receptor-mediated 
phagocytosis. A caspase-independent cell clearance program. J. Biol. Chem. 
275: 5987-5996 

54. Hill RL and Bradshaw RA (1969) Fumarase. Methods Enzymol. 13: 91-99 
55. Meuer S, Wittwer C and Nakagawara K-l (Eds.) (2001) Rapid Cycle Real-Time 

PCR. Methods and Applications. (Heidelberg, Germany: Springer), 408pp 

60 



Chapter VI 
Bid truncation, Bid/Bax targeting to the mitochondria and caspase 
activation associated with neutrophil apoptosis are inhibited by 
granulocyte-colony stimulating factor 
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Abstract 

Neutrophil apoptosis constitutes a way of managing neutrophil-mediated reactions. It allows 

coping with infections but avoiding overt bystander tissue damage. Using digitonin-based 

subcellular fractionation and Western blotting, we found that spontaneous apoptosis of human 

neutrophils (after -20 h of culture) was associated with translocation of two proapoptotic Bcl-

2 homologues - Bid and Bax - to the mitochondria and truncation of Bid, with subsequent 

release of Omi/HtrA2 and Smac/DIABLO into the cytosol. These events were accompanied 

by processing and increased enzymatic activity of caspase-8, -9, and -3. Granulocyte-colony 

stimulating factor (G-CSF)-mediated reduction in apoptosis coincided with inhibition of all 

these reactions. The G-CSF-induced effects were differentially dependent on newly 

synthesised mediators. Whereas inhibition of Bax targeting to the mitochondria and inhibition 

of caspase activation by G-CSF were dependent on protein synthesis, Bid truncation and 

redistribution were prevented by G-CSF irrespective of the presence of the protein synthesis 

inhibitor cycloheximide. Apparently, the observed Bid changes were dispensable for 

neutrophil apoptosis. Although the regulators of the inhibitor of apoptosis proteins (IAPs) 

Omi/HtrA2 and Smac/DIABLO were released into the cytosol during apoptosis, we did not 

observe cleavage of X-linked LAP, which suggests that another mechanism of LAP 

deactivation is involved. Together, our results support an integrative role of the mitochondria 

in induction and/or amplification of caspase activity and disclose that G-CSF may act by 

blocking Bid/Bax redistribution and inhibiting caspase activation. 
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Introduction 

Regulation of the neutrophil survival and turnover by apoptosis provides a fine balance 

between their function as effector cells of innate host defense and a safe removal of these 

potentially harmful cells. Neutrophils have a constitutively short life-span, which may be 

further reduced or prolonged by various mediators. Among these agents, granulocyte-colony 

stimulating factor (G-CSF) is one of the most clinically relevant and widely used in treatment 

of various conditions associated with neutropenia [1,2]. Besides stimulation of the neutrophil 

myeloid precursors in the bone marrow, this growth factor has a clear anti-apoptotic effect on 

mature neutrophils. Mechanisms of that action as well as the regulation of neutrophil 

apoptosis in general have been the focus of a large number of studies [for recent reviews see 

ref. 3 and 4], but have not yet been fully elucidated. 

As do other cell types, neutrophils express several members of the Bcl-2 family of proteins 

and capsases [3, 4], which are integrated in their function at the level of mitochondria. 

However, the mitochondria in neutrophils have special features and are characterized by 

preserving death-mediating abilities while being inactive in many of the usual cellular 

metabolic activities. The neutrophil mitochondria have been shown to be targeted by the pro-

apoptotic Bcl-2 homologue Bax and release factors such as cytochrome c, Smac/DIABLO and 

Omi/HtrA2 into the cytosol upon apoptosis [5-9]. These events, together with cytochrome in

dependent oligomerization of Apaf-1 and formation of the apoptosome [10], constitute an 

internal (mitochondrial, stress-induced) route of apoptosis, which may be expected to be of 

importance in neutrophils since they are tuned for a rapid spontaneous cell death without the 

need to generate a "positive death signal" [3]. If so, it would be logical to suggest that also 

anti-apoptotic signals generated by pro-survival factors would influence this intrinsic 

mechanism. To check this assumption, in the present paper we have studied in more detail the 

mechanisms of G-CSF-mediated prosurvival effects with respect to the mitochondrial death 

pathway. Our data show that G-CSF-induced survival of neutrophils was associated with 

inhibition of cleavage of Bid, Bid/Bax translocation to the mitochondria and prevention of 

subsequent release of the proapoptotic mitochondrial constituents such as Omi/HtrA2 and 

Smac/DIABLO. Moreover, both processing of the initiator caspase-8 and caspase-9 and the 

executioner caspase-3 and their specific enzymatic activity, found in apoptotic neutrophils, 

were pronouncedly blocked by G-CSF. Hence, we conclude that the anti-apoptotic properties 

of G-CSF are mediated through inhibition of Bid/Bax-dependent mitochondrial dysfunction 

and caspase activation. 
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Materials and Methods 

Neutrophil preparation and culture 

Neutrophils were isolated from heparinized venous blood of healthy volunteers, after 

informed consent had been obtained, by density gradient centrifugation and subsequent 

hypotonic erythrocyte lysis, as described [6]. After the last wash by PBS, the neutrophils 

(>97% pure) were resuspended at a final concentration of 5 x 106/ml in Iscove's Modified 

Dulbecco's Medium (IMDM; BioWhittaker, Brussels, Belgium) supplemented with 10% 

heat-inactivated FCS (Gibco BRL, Paisley, UK) and antibiotics. The cells were cultured for 

-20 h in a 24-well plate (1 ml per well; NUNC Brand Products, Roskilde, Denmark) without 

additions, with 100 ng/ml G-CSF (Neupogen, Amgen, Breda, The Netherlands) alone or in 

combination with 2 u.g/ml cycloheximide (CHX; Calbiochem, Bad Soden, Germany) in a 

humidified CO2 incubator at 37°C. 

Apoptosis assay and fluorescent microscopy 

Before or after a 20-h incubation, neutrophils were washed once in ice-cold PBS and split into 

three portions. One portion (1 x 105 cells) was stained with the Annexin-V-fluorescein 

isothiocyanate (FITC) apoptosis assay kit (Bender MedSystems, Vienna, Austria) and 

analyzed by FACScan (Becton Dickinson, San Jose, CA) as described previously [6]. Another 

two portions of neutrophils (2-3 x 105 cells) were used for fluorescence microscopy (see 

detailed description in ref. 6). Briefly, to estimate mitochondrial morphology, unfixed 

neutrophils were stained with 100 nM MitoTracker GreenFM (Molecular Probes, Eugene, 

OR) for 15-30 min at 37°C. Staining patterns of Bax were determined in 2% 

paraformaldehyde-fixed, saponin-permeabilized neutrophils labeled with an anti-Bax 

polyclonal Ab (final dilution 1:250; Pharmingen, San Diego, CA), followed by secondary 

staining with AlexaFluor-568-conjugated goat-anti-rabbit-IgG (Molecular Probes). After 

staining, the cells were analyzed by confocal laser scanning microscopy (LSM510, Carl Zeiss, 

Heidelberg, Germany). At least 300 neutrophils were counted in each sample, and the 

percentages of cells with clustered, rounded mitochondria or with aggregated Bax (as in 

images shown in Fig. lb and c, respectively) were determined. 

Subcellular fractionation and Western blotting 

Subcellular fractionation and Western blotting were performed essentially as described [6, 7]. 

Whole cell lysates were prepared as follows. The neutrophil pellets were resuspended in a 
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protease inhibitor mixture (PIM; 1 tablet of Complete Mini protease inhibitor cocktail (Roche, 

Mannheim, Germany) in 5 ml of PBS containing 5 mM EDTA) with 2 mM diisopropyl 

fluorophosphate (DFP; Acros Organics, New Jersy, NJ), and incubated for 15 min on ice. 

After addition of an equal amount of 2x SDS sample buffer (SDS-SB) with 4% 

mercaptoethanol, the preparations were boiled for 15 min and kept at -20°C before use. 

To obtain subcellular fractions, neutrophils treated under various conditions were washed in 

ice-cold PBS and resuspended in ice-cold cytosol extraction buffer (250 mM sucrose, 70 mM 

KC1, 250 ng/ml digitonin, PIM, 2 mM DFP in PBS) at a final concentration 100 x 106/ml. 

After a 10-15-min incubation on ice, when 80-90% cells had become trypan-blue positive, the 

preparations were spun at 1000 x g for 5 min, and the supernatants were kept as cytosolic 

fractions. The pellets were resuspended in the same volume (as the cytosol extraction buffer) 

of ice-cold mitochondria lysis buffer (100 mM NaCl, 10 mM MgCl2, 2 mM EGTA, 2 mM 

EDTA, 1% NP-40 (v/v), 10% glycerol (v/v), PIM, 2 mM DFP in 50 mM Tris, pH 7.5) and 

incubated for 10 min on ice followed by a 10-min centrifugation at 10000 x g. The 

supernatants were taken as mitochondrial fractions. To prepare samples for Western blotting, 

24 u.1 of either the cytosolic or the mitochondrial fraction were mixed with 8 p.1 of 4x SDS-

SB, containing 8% mercaptoethanol, boiled for 5 min and kept at -20°C before use. 

Western blotting was performed as described [6]. The blots were probed with monoclonal 

Abs against cytochrome c (7H8.2C12; Pharmingen, San Diego, CA) and caspase-8 (1C12; 

Cell Signaling Technology, Beverly, MA) or polyclonal Abs against Smac/DIABLO (Ab-1, 

Oncogene, San Diego, CA), AIF (H-300), cIAP-1 (H-83), cIAP-2 (H-85), all three from Santa 

Cruz Biotechnology (Santa Cruz, CA), Bax (Pharmingen), Mn superoxide dismutase 

(MnSOD; Stressgen, Canada), Bid, XIAP, caspase-3, total and cleaved caspase-9 (Cell 

Signaling Technology). All monoclonal Abs were used at a final concentration of 1 u.g/ml, 

and polyclonal Abs at a 1:1000 dilution. Anti-Omi/HtrA2 polyclonal Ab [11] was kindly 

provided by Dr. S.M. Srinivasula (Philadelphia, Pennsylvania) and was used at 1:5000. 

Measurement ofcaspase specific enzymatic activity 

Caspase activity was fluorimetrically assessed by the assay modified from a previously 

described method [12]. The neutrophils were lysed in the caspase assay lysis buffer (CAB; 

1% Triton-X100, 10 mM sodium pyrophosphate, protease inhibitor cocktail (see above), 2 

mM DFP, in 10 mM Tris, pH 7.5) at a concentration of 20 x 106 cells/ml for 30 min on ice. 
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Thereafter, the lysates were kept at -70°C. Before use, the samples were thawed at 37°C, spun 

down at 22000 x g for 10 min, and the supernatants were collected. To assay enzymatic 

reactions, 50 ul of the neutrophil lysate (equivalent of ~1 x 106 cells) were placed in a white 

96-well plate (Costar, Cambridge, MA) and mixed with 100 ul of a fluorogenic substrate 

diluted in the reaction buffer (80% HEPES buffer [20 mM HEPES, 132 mM NaCl, 6 mM 

KC1, 1 mM MgS04, 1.2 mM K2HP04, pH 7.4], 20% glycerol, 5 mM dithiotriethol). The final 

concentration of each substrate was 50 uM. The substrates used were as follows (all from 

Alexis Biochemicals, San Diego, CA): Ac-DMQD-AMC (caspase-3), Ac-IETD-AMC 

(caspase-8), Ac-LEHD-AMC (capsase-9). For a negative control (blank), substrates were 

mixed with 50 JJ.1 of CAB (without cells). Reactions were monitored by means of a HTS7000-

+ plate reader (Perkin Elmer, Norwalk, CT) at 37°C, and the enzymatic activity was assessed 

after 2 h as maximum fluorescence (in relative fluorescence units, RFU) generated by the 

release of 7-amino-4-methyl-coumarin (AMC; Ex 405 nm, Em 465 nm). The results were 

expressed as percentage of enzymatic activity of that in untreated cultured neutrophils (see 

also legend to fig. 5). 
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Results 

Novel markers to quantify neutrophil apoptosis 

Previously, we have shown that in apoptotic human neutrophils, the mitochondria form 

clusters (Fig.lb) to which the proapoptotic protein Bax is relocated (Fig. lc; and see ref. 6), 

whereas in fresh neutrophils the mitochondria have a tubular shape, and Bax displays a 

dispersed punctuate localization (not shown; see ref. 6). Moreover, the hematopoietic 

cytokine G-CSF can prevent these changes by keeping the original shape of the mitochondria 

intact (Fig. le) and preserving the punctate distribution of Bax (Fig. If). Thus, the 

mitochondrial and Bax staining patterns appear to be very distinct between apoptotic and 

intact cells. This clear difference stimulated us to quantify the proportion of cells with each 

phenotype and to correlate that to the well-known sign of apoptosis - Annexin-V binding. 

Using a fluorescence microscope, we counted the percentages of cells with clustered 

mitochondria (the phenotype as shown in Fig. lb) and aggregated Bax (the phenotype as 

shown in Fig. lc). In parallel, a flow cytometric analysis of the same cell suspensions was 

performed, and the fraction of Annexin-V+ neutrophils was determined (Fig. la and d, Ml). 

The quantitative data are summarized in Fig. 2. Notably, the percentage of cells with either 

clumped mitochondria or clustered Bax closely correlated with the proportion of Annexin-V* 

neutrophils (r > 0.9 for both). This was true for neutrophils undergoing spontaneous apoptosis 

(a 20-h culture without additions), as well as for the G-CSF-induced survival (Fig. 2). All 3 

parameters tested were hardly detectable in neutrophils before culturing (Fig. 2, Oh). Routine 

morphological analysis of the May-Grtinwald-Giemsa stained cytospins confirmed these 

correlations (not shown). Hence, the assessment of mitochondrial morphology and 

localization patterns of Bax may serve as sensitive and reliable tools to measure apoptosis in 

human neutrophils. 

G-CSF prevents truncation of Bid, BiaVBax translocation to the mitochondria and subsequent 

mitochondrial leakage associated with neutrophil apoptosis 

A growing amount of experimental data suggests that the mitochondria are critically involved 

in the apoptotic program of neutrophils [5-9, 13, 14]. In our recent report, it has been shown 

that, as in other cell types, the neutrophil mitochondria release a number of proapoptotic 

proteins into the cytosol upon TNF-a-induced apoptosis [15]. This event is believed to induce 

and/or amplify the caspase cascade activation, eventually leading to apoptosis [10, 16, 17]. 

The prosurvival effect of G-CSF has been circumstantially related to the inhibition of the 
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Figure 1. Events associated with neutrophil apoptosis and their prevention by G-CSF. After a 20-h culture 

without (a-c) or with 100 ng/ml G-CSF (d-f), neutrophils were labelled by Annexin-V-FITC (a, d), MitoTracker 

GreenFM (b, e) or anti-Bax polyclonal antibody (c, f) and analyzed by flow cytometry (a, d) or by fluorescence 

microscopy (b, c, e, f). Ml (in a, d) marks apoptotic cells, which bind Annexin-V. Apoptotic cells showed 

clustered, degraded mitochondria (b) and aggregated Bax (c), whereas G-CSF-treated cells kept an accurate tubular 

shape of the mitochondria (e) and a punctate, cytoplasmically dispersed localization of Bax (f), which is typical for 

fresh intact cells [6]. Bar is 5 urn. Representative images for 4-5 experiments are shown. 

Figure 2. Events associated with neutrophil apoptosis and their prevention by G-CSF (quantitative data). 

Neutrophils before (0 h) or after a 20-h incubation without or with 100 ng/ml G-CSF were labelled and analyzed as 

described in Fig. 1 legend. The bars represent the percentages of cells with the following features: white bars, 

Annexin-V* cells from Ml in Fig. la and d; black bars, cells with clustered mitochondria as in Fig. lb; dashed 

bars, cells with clustered Bax as in Fig. lc. Shown are results (mean ± SEM) from 4-5 separate experiments. 
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mitochondria-dependent caspase-3 activation [6]. The above-shown results indicate that G-

CSF blocks Bax relocalization to the mitochondria (Fig. lc, f; Fig. 2), an event associated 

with permeabilization of the mitochondrial outer membrane and release of proapoptotic 

proteins [16, 17]. Indeed, Western blot analysis of subcellular neutrophil fractions 

demonstrated that, before culturing, Bax was predominantly present in the cytosol (Fig. 3, 

lanes 1 and 5), whereas in cultured neutrophils, which have undergone spontaneous apoptosis, 

this protein was found in the mitochondria-enriched fraction (Fig. 3, lanes 2 and 6). G-CSF 

prevented this redistribution, trapping Bax in the cytoplasm (Fig. 3, lanes 3 and 7). These 

qualitative data support our quantitative estimation of Bax changes, given in Fig. 2. 

Bax relocalization to mitochondria may be mediated by another proapoptotic Bcl-2 

homologue, the BH3-only protein Bid [18, 19]. Bid is activated by caspase-mediated 

proteolytic cleavage (truncation) of the original 22-kDa protein into a 15-kDa fragment (tBid), 

which is known to possess an increased pro-death activity [20-22]. In intact neutrophils, only 

total Bid as a cytosolic protein was detectable (Fig. 3, Bid, lane 1). Spontaneous apoptosis in 

cultured cells led to appearance of tBid in the cytosol, which was absent in fresh cells (Fig. 3, 

tBid, lanes 1 and 2). Similar to Bax, the full-length Bid was also detected in the mitochondrial 

fraction of apoptotic, but not of fresh cells (Fig. 3, Bid, lane 5 and 6). Addition of G-CSF 

pronouncedly abrogated truncation of Bid, since it stayed largely uncleaved, with only a 

minute amount of detectable tBid. G-CSF also prevented the mitochondrial redistribution of 

total Bid, which remained in the cytosol (Fig. 3, Bid and tBid, lanes 3 and 7). 

As mentioned above, Bid-induced activation of Bax and targeting of the mitochondria by Bid 

and Bax are important steps towards mitochondrial permeabilization. To check whether the 

observed Bid and Bax apoptotic changes were accompanied by the release of proapoptotic 

factors from the mitochondria, we monitored the subcellular expression of Omi and Smac 

proteins, which have been shown to relocate from the mitochondria into the cytoplasm upon 

TNF-a-mediated neutrophil apoptosis [7]. In fresh neutrophils, Omi and Smac were only 

present in the mitochondria (Fig. 3, lane 5), and the cytoplasm was free of those proteins (Fig. 

3, lane 1). In contrast, apoptosis was associated with the liberation of Omi and Smac into the 

cytosol and a concomitant decrease of their signal in the mitochondrial fraction (Fig. 3, lanes 

2 and 6). G-CSF suppressed the cytosolic release of both proteins, preserving their 

mitochondrial localization (Fig. 3, lanes 3 and 7). The role of cytochrome c in neutrophil 

apoptosis is questionable because of its scarcity [5, 7, 14], although a minor amount of 
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Figure 3. Western blot analysis of subcellular fractions of neutrophils cultured under various conditions. 

Using a digitonin-based subcellular fractionation, neutrophils were separated into cytosol (lanes 1-4) and 

mitochondria-enriched fractions (lanes 5-8) before culture (0 h; lanes 1 and 5) or after a 20-h culture without 

additions (lanes 2 and 6), with 100 ng/ml G-CSF alone (lanes 3 and 7) or in combination with 2 ug/ml 

cycloheximide (CHX; lanes 4 and 8). The fractions were subjected to SDS-PAGE. Western blot was performed 

with specific antibodies for the indicated proteins. Each neutrophil fraction represents ~2xl06 cells. The exposition 

time in the tBid panel was extended as compared with the Bid panel, because of reduced immunoreactivity of the 

cleaved form of Bid. The probe with anti-XIAP and anti-MnSOD antibody served as a reference for cytosol and 

mitochondria, respectively. The numbers on the right-hand side indicate molecular weights of the corresponding 

proteins. Results represent 3 independent experiments. 

Figure 4. Processing of caspases in neutrophils. Total cell lysates were prepared from fresh neutrophils (0 h; lane 

1), from neutrophils cultured for 20 hours without additions (lane 2), with 100 ng/ml G-CSF alone (lane 3) or in 

combination with 2 ug/ml cycloheximide (CHX; lane 4). Lysates of - lx lO 6 cells were subjected to SDS-PAGE, 

and Western blot was performed with specific antibodies for the indicated caspases. The expression of Bax was 

used as a control for protein loading. Results are representative of 3 independent experiments. 
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cytochrome c was detectable in the cytosolic fraction of apoptotic cells by Western blot after 

overexposure of the film (not shown). Also, the proapoptotic mitochondrial protein apoptosis-

inducing factor (AIF), which in other cell types has been shown to relocate to the nucleus 

upon apoptosis [17], was found in neutrophils to remain in the mitochondria irrespective of 

apoptosis (not shown, see ref. 7). This could be explained by the recent finding that AIF may 

be associated with the mitochondrial inner membrane [23]. Taken together, these data suggest 

that in neutrophils the truncation of Bid and Bid/Bax translocation to the mitochondria may 

contribute to the mitochondrial permeabilization and leakage of the apoptosis-related proteins, 

and that G-CSF is able to block these reactions. 

G-CSF mediates inhibition ofcaspase processing and enzymatic activity 

Activation of the cascade ofcaspase proteases is the major aim of the apoptotic machinery, 

because caspase enzymes are responsible for cleavage and degradation of important 

intracellular targets, inducing disassembly of a dying cell. The described events (Bid 

activation, Bid/Bax translocation to the mitochondria and the subsequent release of 

proapoptotic proteins) are the intermediate steps, which serve to induce and/or amplify 

caspase activation [10, 16, 17]. The upstream caspase-8 and caspase-9 initiate extrinsic and 

intrinsic pathways of apoptosis, respectively, which converge at the level of the executioner 

caspase-3 activation. In intact neutrophils, all tested caspases were present as inactive full-

length proenzymes (Fig. 4, lane 1). Apoptotic cells displayed cleavage (activation) of the 

caspases (Fig. 4, lane 2). In case of caspase-9, activation was detected by the decrease in total 

47 kDa protein. The cleavage products of caspase-8 (p43/41 and pi8) and caspase-3 (pi7) 

processing were readily found in the lysates of apoptotic neutrophils, together with a 

reduction in signal from the full-length proteins (Fig. 4, lane 2). The processing of the 

caspases was blocked by G-CSF (Fig. 4, lane 3). This agent almost completely prevented 

cleavage of caspase-9 and caspase-3 and, to a lesser extent, processing of caspase-8 (Fig. 4, 

lane 3). Interestingly, the expression of Bax, used as a control for protein loading, remained 

stable under all conditions tested (Fig. 4, Bax), although, in apoptotic cells, this protein 

underwent major changes in the subcellular localization, being redistributed from the cyosol 

to the mitochondria (Fig. lc and f; Fig. 3, Bax). The same was true for total Bid protein (not 

shown). These findings underscore the importance of posttranscriptional qualitative regulation 

of the apoptotic mediators in neutrophils, and experiments with the inhibitor of protein 

synthesis cycloheximide support that idea (see below). 
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To show that the cleavage of caspases has really resulted in their activation, we measured 

specific caspase enzymatic activity in the neutrophil cell lysates. To this end, assays based on 

preferential substrate specificity of different caspases were used [24]. The obtained results are 

summarized in Fig. 5. As expected, the highest caspase activity was determined in apoptotic 

neutrophil preparations after a 20-h culture, which was set at 100% (for absolute values see 

legend of Fig. 5). In fresh cells (0 h), the enzymatic activity of the tested caspases was 

negligible. In neutrophils from the G-CSF-treated cultures, the caspase enzymatic activity was 

reduced by 60-70% (Fig. 5), which is in agreement with the Western blot data, showing 

diminished caspase cleavage under G-CSF treatment (Fig. 4, lane 3). 

Differential effects of cycloheximide on G-CSF-mediated prosurvival reactions 

It is known that the G-CSF antiapoptotic signaling is mediated by de novo synthesized 

effectors, although they remain as yet obscure [3, 6]. In attempt to elucidate whether protein 

synthesis is required for the G-CSF-induced prevention of the described apoptotic reactions, 

we applied inhibition of protein synthesis by cycloheximide (CHX) during culture of the cells 

with G-CSF. In G-CSF-stimulated neutrophils treated with CHX, Bax translocation to the 

mitochondria and the release of Omi and Smac from the mitochondria occurred (Fig. 3, lanes 

4 and 8), as it did in "normal" apoptotic cells (without G-CSF or CHX) (Fig. 3, lanes 2 and 6). 

Moreover, in the presence of CHX, the processing of caspases, which was inhibited by G-

CSF, was restored (Fig. 4, lane 4), and the specific caspase enzymatic activity was increased 

and reached 70-90% of that measured in apoptotic untreated cells (Fig. 5). This was 

accompanied by reduced survival (-25% Anexin-V+ cells in G-CSF alone vs -60% Annexin-

V+ cells in G-CSF + CHX, see fig. 5). Despite the effect on survival, CHX did not block the 

G-CSF-induced prevention of Bid changes. In the presence of G-CSF, tBid was hardly 

detectable, in contrast to the untreated cultured neutrophils, and full-length Bid mainly resided 

in the cytosol, irrespective of CHX (Fig. 3, Bid, tBid). Obviously, G-CSF inhibited Bid 

activation by means of (a) pre-existing molecule(s). This differential dependence of the pro-

survival events mediated by G-CSF on protein synthesis may explain the incomplete 

inhibition of G-CSF-induced survival by CHX. Bid truncation and redistribution were also 

prevented in the presence of the general caspase inhibitor zVAD-fmk, whereas Bax 

translocation to the mitochondria and the mitochondrial leakage were still observed under 

those circumstances, despite inhibition of apoptosis (not shown and see ref. 6). 
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Figure 5. Specific enzymatic activity of caspase-3, -8 and -9 in neutrophils. Triton-XlOO cell lysates obtained 

from neutrophils cultured as described in the legend of Fig. 4 were incubated with specific fluorogenic substrates 

for caspase-3 (Ac-DMQD-AMC; white bars), caspase-8 (Ac-IETD-AMC; dashed bars) and caspase-9 (Ac-LEHD-

AMC; black bars). The reactions were performed in a plate-reader to monitor an increase in fluorescence after 

release of AMC. The maximum fluorescence (in relative fluorescence units, RFU) after a 2 h-incubation was used 

as a measure of caspase activity. The results are expressed as percentage of activity (mean ± SEM, n=4) relative to 

that in the cultured untreated neutrophil lysates, which was set at 100%. Absolute values for the individual caspase 

activity in those preparations were as follows (maximum RFU ± SEM): caspase-3, 172 ± 11; caspase-8, 90 ± 10; 

caspase-9, 93 ± 4. For comparison, the proportion of Annexin-V* (apoptotic) neutrophils in the same preparation is 

shown (mean ± SEM, n=4). 
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Discussion 

In the present study, several important issues concerning the apoptotic process in primary 

human neutrophils have been addressed. We have identified apoptotic markers that could be 

used for quantitative analysis of neutrophil apoptosis. The unique tubular shape of the 

mitochondria in intact neutrophils and its dramatic change during apoptosis (formation of 

punctate clusters; see Fig. lb and e) provided an easy discrimination between live and 

apoptotic cells. This feature appears to be specific for neutrophils, because in other tested cell 

types, including eosinophils, lymphocytes, monocytes, and HL-60 cells, the mitochondria had 

a punctate appearance irrespective of apoptosis (not shown). Also, the subcellular 

redistribution and aggregation of Bax during neutrophil apoptosis proved to be a quantitative 

marker of neutrophil cell death (see Fig. lc and f). Both apoptotic features (mitochondrial 

changes and Bax translocation) were in close correlation with the traditional and well-known 

methods of apoptosis registration, such as Annexin-V staining (see Fig.la and d, Fig. 2) and 

morphology (data not shown). Importantly, mitochondrial clustering and Bax aggregation also 

occurred during TNF-a-induced neutrophil apoptosis [15], which means that these 

phenomena are universal and do not depend on the mechanism (spontaneous or induced) of 

apoptosis. Despite the availability of a broad spectrum of tools to study and register apoptosis, 

the new markers do not seem to be superfluous. In some instances, a single parameter-based 

assessment of apoptosis can be unreliable [15, 25], and the described markers could be helpful 

in this respect. 

Our present data not only provide useful tools but also shed light on the mechanism of 

neutrophil apoptosis and the G-CSF-mediated prosurvival signaling, pointing to the 

mitochondria as integrative regulators [10, 16, 17]. In support of fluorescence microscopy 

data, also Western blot analysis has objectively shown that Bax translocates upon apoptosis 

from the cytosol to the mitochondria (see fig. 3, Bax, lanes 1 and 2). In intact cells, Bax is 

present as a cytosolic protein, which targets the mitochondria once apoptosis is induced. 

There it can be integrated in the outer mitochondrial membrane and, forming pores, facilitates 

the release of proapoptotic mitochondrial constituents [19, 21, 26-28]. As is generally 

assumed, this happens after another proapoptotic Bcl-2 homologue BH3-only protein Bid 

interacts with Bax to trigger conformational changes of Bax, leading to its oligomerization 

and "anchoring" into the outer mitochondrial membrane [18, 19]. Alternatively, as our data 

show, the full-length Bid may directly translocate to the mitochondria (see fig. 3, Bid, lanes 1, 

2 and 5, 6), where it may cause effects similar to those of Bax [18]. The Bid/Bax interaction 
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appears to be critical for the mitochondrial permeabilization, since in the mitochondria from 

Bax-deficient tumor cell lines Bid-induced release of cytochrome c was minimal when Bid 

was added alone, but dramatically increased when Bid and Bax were present together [18]. In 

addition, a cell-free system has demonstrated that Bid, Bax and mitochondrial lipids cooperate 

to form supramolecular openings in the outer mitochondrial membrane [29]. Our present data 

suggest that this mechanism is also operative in primary human neutrophils, resulting in the 

release of proapoptotic mitochondrial factors such as Smac/Diablo and Omi/HtrA2 into the 

cytosol. Moreover, inhibition of neutrophil apoptosis by G-CSF was associated with the 

prevention of both Bax and Bid redistribution to the mitochondria and release of the pro

apoptotic factors, underlining the importance of the mitochondrial death pathway in the 

control of neutrophil survival. 

A number of studies in cell lines have established that the cleavage (truncation) of Bid 

enhances its pro-death properties. tBid targets to the mitochondria and is capable to directly 

induce cytochrome c release from purified mitochondria or, after overexpression, cause 

mitochondrial damage, cell shrinkage, and nuclear condensation [20-22]. Here, we also 

observed Bid cleavage in neutrophils, which correlated with spontaneous apoptosis. However, 

tBid remained in the cytosol of apoptotic cells and hardly bound to the mitochondria (see fig. 

3, tBid), in contrast to the full-length protein (see fig. 3, Bid). G-CSF prevented both Bid 

translocation to the mitochondria and Bid cleavage, irrespective of CHX, indicating that this 

effect was independent of protein synthesis. The latter finding was confirmed by the detection 

of Bid cleavage in apoptotic neutrophil-derived cytoplasts, which lack nuclei [6] (not shown). 

As in other cell types, Bid cleavage in neutrophils was mediated by caspase activity and was 

prevented by zVAD-fmk. Besides a traditional view on Bid as a link between death receptors 

and the mitochondria, it has been shown that caspase-3-catalysed cleavage of Bid distal to 

cytochrome c release may represent a feedback loop for the amplification of mitochondrial 

dysfunction during cytotoxic drug and UV-induced apoptosis [30]. Perhaps, such a 

mechanism is operative in neutrophils. Yet, caspase activity in itself was not sufficient for Bid 

truncation as was evident under the condition of G-CSF + CHX treatment, when Bid 

remained unprocessed even though caspases were active. Apparently, G-CSF produced a 

signal (not dependent on protein synthesis), which kept Bid intact. Since G-CSF is known to 

influence multiple protein kinases, it is worthwhile to speculate that this effect of G-CSF 

could be mediated through regulation of the phosphorylation state of Bid, because 
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phosphorylated Bid is resistant to caspase-8 cleavage in vitro [31, 32]. This implies a 

differential dependence on protein synthesis of the G-CSF-induced prosurvival effects. 

However, despite the inhibition of Bid changes, the G-CSF + CHX-treated neutrophils still 

underwent apoptosis, displaying Bax redistribution to the mitochondria, release of Omi/HtrA2 

and Smac/DIABLO, caspase activation and Annexin-V binding, which were all similar to the 

changes seen in untreated cells undergoing spontaneous apoptosis. We may conclude that 

both the truncation and the relocation of Bid to the mitochondria are not strictly required for 

neutrophil apoptosis. On the other hand, the interaction of Bid with Bax and the activation of 

Bax may represent a crucial element in the role of Bid in neutrophil cell death. Furthermore, a 

recent publication has demonstrated that Bid-deficient mice spontaneously develop a myeloid 

hyperplasia over time that progresses to fatal chronic myelomonocytic leukemia, suggesting 

an important role for Bid in myeloid homeostasis [33]. 

Inhibition of Bax translocation to the mitochondria by G-CSF was depending on de novo 

protein synthesis, but the critical molecules induced by G-CSF are as yet unknown. A good 

candidate might be an anti-apoptotic Bcl-2 homologue, considering the possibility that it 

could prevent Bid-induced Bax activation or directly antagonize insertion of Bax, Bid or their 

complexes into the mitochondrial membrane, as has been shown for Bcl-2 itself (not 

expressed in neutrophils [3, 4]) and Bcl-XL [18-20, 29, 34]. The latter might be of particular 

interest, since it is able to directly interact with and inhibit both full-length and truncated Bid. 

However, the expression of Bcl-XL in neutrophils is a matter of debate [3, 4]. Another Bcl-2 

homologue, Mel-1, has been proposed to be involved in GM-CSF-induced neutrophil survival 

[3, 35, 36], because it is co-immunoprecipitated with Bax in surviving cells [36]. However, 

our previous results did not reveal the changes in the expression of Mcl-1 [6]. Neutrophils 

have also been shown to express mRNA for the Bcl-2-related protein Al (Bfl-1), which is 

constitutively present in mature neutrophils and upregulated by G-CSF [ref. 3 and references 

therein]. This may indicate that Al participates in the regulation of neutrophil apoptosis, but 

lack of data on the Al protein level does not allow a more definitive statement at present. 

Other factors that are involved in the regulation of apoptosis comprise a family of inhibitors 

of apoptosis proteins (IAPs) [37]. In healthy cells, these cytosolic proteins may directly inhibit 

caspases, whereas in apoptotic cells IAPs undergo deactivation by Omi/HtrA2 and 

Smac/Diablo released from the mitochondria. Recent studies have shown that IAPs may be 

substrates for Omi/HtrA2 [38, 39]. Neutrophils reportedly express XIAP, cIAP-1 and cIAP-2 
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[14, 40, 41]. Kobayashi et al. [40] have observed XIAP degradation during TNF-a/CHX-

induced or spontaneous neutrophil apoptosis, which was mediated by calpain. In another 

study, G-CSF-induced upregulation of cIAP-2 coincided with increased neutrophil survival 

[41]. In our experiments, we did not find XIAP degradation, neither in the cytosolic fraction 

nor in total neutrophil lysates (see Fig. 3, XIAP, and data not shown). We also did not observe 

any change in cIAP-2 (and cIAP-1) expression on Western blot (not shown), irrespective of 

the extent of apoptosis as measured after a 20 h-culture. This could be explained by the 

differences in the experimental set-up, because for instance a modest up-regulation of cIAP-2 

was reported in a short-term culture with G-CSF [41], which could have already disappeared 

after longer culturing as used in the present study. However, IAPs are not exclusively 

regulated by transcription and they do not need to be degraded for inactivation. For instance, 

Smac/DIABLO binds XIAP (and probably other IAPs) in a manner that displaces caspases 

from XIAP [37]. Our results favor this model of LAP activity control, because of the massive 

release of the IAP-regulatory proteins Omi/HtrA2 and Smac/DIABLO from the mitochondria 

as well as activation of caspases upon neutrophil apoptosis in the absence of any cleavage of 

the tested IAPs. 

Our present data suggest that the main result of G-CSF-mediated anti-apoptotic reactions is 

keeping the mitochondria intact. Most likely, it is achieved by prevention of Bax translocation 

to the mitochondria through (a) newly synthesized protein(s). The mechanism of this 

translocation during the neutrophil senescence and spontaneous apoptosis as well as in other 

cell models of apoptosis induced by for instance UV irradiation, serum withdrawal and some 

cytotoxic drugs, remains unclear. A recent study has proposed caspase-2 to be an upstream 

initiator caspase required for Bax translocation to the mitochondria [42]. However, 

neutrophils do not express caspase-2 [14; N.A.M., unpublished], and Bax translocation to the 

mitochondria is a caspase-independent event in these cells [6]. Moreover, the mitochondrial 

dysfunction and cytochrome c release also take place under caspase inhibition in purified 

mitochondria or in living cells [43, 44], suggesting other mechanisms to be involved. Notably, 

neither Bax translocation nor mitochondrial leakage in itself is sufficient to support apoptosis 

under conditions of caspase inhibition. Apparently, a coordinate action of pre- and post-

mitochondrial effectors is required for the proper propagation of cell death. Perhaps, 

mitochondria themselves could generate signals that contribute not only to the propagation 

but also to the initiation of cell death. For example, these organelles are capable of neoepitope 

expression, such as the one recognized by the Apo2.7 monoclonal antibody, very early in the 
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course of apoptosis with an as yet unknown biological meaning [45]. The peculiarities of the 

neutrophil mitochondria, which have a defective respiration but maintain transmembrane 

potential indicative for ongoing electron transport and a potential source of reactive oxygen 

metabolites [7], may add to the negative regulation of neutrophil survival. In agreement with 

this hypothesis is the finding that apoptosis of neutrophils (in contrast to other cell types) is 

dramatically reduced under hypoxic conditions [3, 46, 47], and caspase-independent 

neutrophil cell death is mediated by mitochondria-derived reactive oxygen species [15]. 

In conclusion, our present data bear on the mechanism of neutrophil apoptosis and its 

modulation by G-CSF. Our results underline an integrative role of the mitochondria in the 

regulation of this process. A better understanding of mechanisms underlying neutrophil cell 

death would help to understand neutrophil physiology and contribute to the search of new 

approaches for handling of pathology related to disturbances in neutrophil apoptosis. 
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Chapter VII 
Apoptotic neutrophils in the circulation of patients with glycogen 
storage disease type 1 b (GSD1 b) 
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Glycogen storage disease type 1b 

(GSD1b) is a rare autosomal recessive 

disorder characterized by hypoglycemia, 

hepatomegaly, and growth retardation, 

and associated—for unknown reasons— 

with neutropenia and neutrophil dysfunc

tion. In 5 GSD1 b patients in whom nicotin

amide adenine dinucleotide phosphate-

oxidase activity and chemotaxis were 

defective, we found that the majority of 

circulating granulocytes bound An-

Introduction 

nexin-V. The neutrophils showed signs of 

apoptosis with increased caspase activ

ity, condensed nuclei, and perinuclear 

clustering of mitochondria to which the 

proapoptotic Bcl-2 member Bax had trans

located already. Granulocyte colony-

stimulating factor (G-CSF) addition to in 

vitro cultures did not rescue the GSD1 b 

neutrophils from apoptosis as occurs with 

G-CSF-treated control neutrophils. More

over, the 2 GSD1b patients on G-CSF 

treatment did not show significantly lower 

levels of apoptotic neutrophils in the 

bloodstream. Current understanding of 

neutrophil apoptosis and the accompany

ing functional demise suggests that 

GSD1b granulocytes are dysfunctional 

because they are apoptotic. (Blood. 2003; 

101:5021-5024) 

) 2003 by The American Society of Hematology 

Glycogen storage disease type 1 (GSD1; OMIM 23.2200) is caused 
by inherited defects of the glucose-6-phosphatase (G6Pase) com
plex. This complex has a key role in both glycogenosis and 
gluconeogenesis, converting glucose-6-phosphate (G6P) to glu
cose. Clinical features are hepatomegaly, growth retardation, 
osteopenia, and kidney enlargement with hypoglycemia, hyperlac-
tacidemia, hyperlipidemia, and hyperuricemia. GSD1 is caused by 
deficiencies in the activity of the G6Pase system, which consists of 
at least 2 membrane proteins, glucose-6-phosphate transporter 
(G6PT) and GöPase. G6PT translocates G6Pfrom the cytoplasm to 
the lumen of the endoplasmic reticulum; G6Pase catalyzes the 
hydrolysis of G6P to produce glucose and phosphate. Therefore. 
G6PT and G6Pase work in concert to maintain glucose homeosta
sis. Deficiencies in G6Pase and G6PT cause GSDla and GSDlb, 
respectively.1"5 

Neutropenia and/or neutrophil dysfunction is a characteristic 
hallmark of GSDlb,7 8 only rarely present in GSDla types.9 

Patients with GSDlb are thus susceptible to recurrent bacterial 
infections, aphtous stomatitis, or inflammatory bowel disease. The 
mechanism of the neutropenia as well as the concomitant neutro
phil dysfunction, which includes impaired chemotaxis, phagocyto
sis, and respiratory burst,7-8-10"12 remain unknown, although treat
ment with granulocyte colony-stimulating factor (G-CSF) has 
considerably reduced the incidence of infections.7-8 

Neutrophils are produced in large numbers every day in the 
bone marrow (BM), being predisposed to cell death by apoptosis, a 
process that prevents the cytotoxic contents from the neutrophil 

granules to be released into the surrounding tissues and facilitates 
the harmless elimination of cells by tissue macrophages.13 Aging of 
normal neutrophils is accompanied by a progressive loss of 
functions, such as adherence, chemotaxis, and respiratory burst.14-15 

We investigated whether granulocyte function was impaired be
cause of apoptosis in circulating neutrophils in GSDlb. 

Study design 

Neutrophil purification, functional testing, and culturing 

Heparinized venous blood was collected from healthy donors and from 
GSDlb patients after obtaining informed consent. Granulocytes were 
isolated as described."' Purity was always more than 95%. In some 
experiments whole leukocyte preparations were used from which the 
erythrocytes were lysed by ice-cold isotonic NH4CI solution.16 Culturing of 
neutrophils (16-18 hours) was performed exactly as described.17 

Neutrophil migration was assessed by means of the Fluoroblok inserts 
(Falcon-, Becton Dickinson, San Jose, CA). Cells (5 x 106/mL) were 
labeled with calcein-AM (1 u.M final concentration; Molecular Probes, 
Leiden, the Netherlands) for 30 minutes at 37°C, washed twice, and 
resuspended in HEPES (N-2-hydroxyethylpiperazine-A''-2-cthanesulfbnic 
acid) buffer at a concentration of 2 X 106/mL. Chemoattractant solution 
(formyl-Met-Leu-Phe [fMLP], interleukin-8 [IL-8], and C5a; all at 10 nM) 
or medium alone (0.8 mL/well) was placed in a 24-well plate, and 0.3 mL 
cell suspension was delivered to the inserts (3 p.m pore size) and placed in 
the 24-well plate. Cell migration was assessed by measuring fluorescence in 
the lower compartment at 2.5-minute intervals for 45 minutes with the 
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Laboratory for Blood Transfusion (CLB), and Landsteiner Laboratory, 
Academic Medical Centre, University of Amsterdam, Amsterdam, the 
Netherlands; Beatrix Children's Hospital, University Hospital Groningen, 
Groningen, the Netherlands; and Wilhelmina Children's Hospital, University 
Medical Centre Utrecht, Utrecht, the Netherlands. 
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HTS7000+ plate reader (Perkin Elmer. Norwalk. CT). Maximal slope of 
migration was estimated over a 10-minute interval. 

Nicotinamide adenine dinucleotide phosphate (XADPH(-oxidase activ
ity was assessed as hydrogen peroxide production determined by an 
Amplex Red kit (Molecular Probes). Neutrophils (1 x 106 /mL) were 
stimulated with 1 u.M fMl.P. 1 u-M platelet-activating factor (PAF), or 100 
ng/mL phorbol myristate acetate (PMA). in the presence of Amplex Red 
(0.5 u-M) and horseradish peroxidase (1 U/mL). Fluorescence was mea
sured at 30-second intervals for 20 minutes with the HTS7000+ plate 
reader. Maximal slope of H20: release was assessed over a 2-minute interval. 

Annexin-V, mitochondrial, and Bax staining 

Annexin-V, mitochondrial, and Bax staining was performed essentially as 
described.'7 

Morphology 

Morphology was determined after Giemsa staining of cytospin prepara
tions. Apoptotic morphology was defined as the presence of condensed 
nuclei and simultaneous loss of the polysegmented nuclear appearance. 

Overall caspase activity 

Overall caspase activity was fluorimetrically assessed18 in neutrophil 
lysates as the release of 7-amino-4-methyl-coumarin (AMC) from 50 u.M 
acetyl-Asp-Glu-Val-Asp (DEVD) AMC (Alexis Biochemicals. San Diego. 
CA) over 5-minute intervals for 120 minutes by means of the HTS7000+ 
plate reader. Maximal slope of AMC release was estimated over a 
25-minute interval. 

Results and discussion 

We tested neutrophil numbers and functions in 5 patients with 
GSDlb (Table l).19 In all patients, a mild-to-severe neutropenia 
was present. Activation of neutrophils via PMA in glucose-
containing and glucose-free medium12 confirmed the deficient 
respiratory burst in GSDlb upon activation of the NADPH oxidase. 
Directed cell motility (chemotaxis) toward neutrophil-specific 
stimuli (ie. C5a. IL-8. or PAF) was also diminished (Table 1). We 
recently studied these functional activities in healthy neutrophils 
during apoptosis and the protecting role of G-CSF and granulocyte-
macrophage colony-stimulating factor in this process. Apart from 
the differential protection from functional decay by these hemato
poietic factors, it became clear that the NADPH-oxidase activity is 
best preserved in aging neutrophils, followed by phagocytosis, 
and—lastly—by chemotaxis (B. Wolach et al. manuscript submit

ted). These findings are reminiscent of the neutrophil dysfunction 
in GSDlb. suggesting the possibility of a death-prone cell type in 
this disease. 

To address this issue, we studied several apoptotic features in 
GSDlb neutrophils. Fresh GSDlb neutrophils displayed strong 
Annexin-V binding (Figure 1A): the Annexin-V* cells were still 
largely impermeable for propidium iodide (PI). In contrast, the 
patienfs monocytes and lymphocytes in whole leukocyte prepara
tions did not bind Annexin-V (not shown). Rescue of overnight 
neutrophil apoptosis by G-CSF was possible only to a limited 
extent (Figure IB). Annexin-V binding indicates that GSDlb 
neutrophils from the circulation exposed phosphotidyl serine (PS) 
as an early sign of apoptosis. Specific proteolytic caspase activity 
inhibitable by the general caspase inhibitor zVAD-fmk was de
tected in the circulating GSDlb neutrophils but not in fresh control 
neutrophils (Figure 1C). Furthermore, in these freshly obtained cell 
preparations the predisposition of neutrophils to apoptosis was also 
demonstrated by typical apoptotic clustering of mitochondria (not 
shown) and redistribution of Bax protein (Figure ID), similar to 
our previous findings during the process of spontaneous apoptosis 
in neutrophils from healthy individuals.17 

In GSDlb neutrophils, the import of G6P into the endoplasmic 
reticulum is decreased, thus causing a local decrease in G6P 
dehydrogenase activity. This enzyme, which serves to produce 
NADPH. determines the cellular redox status by permitting 
regeneration of reduced glutathione, resulting in decreased sensitiv
ity to direct or indirect apoptosis.1-2"-2' In line herewith is the recent 
observation that the specific G6PT-inhibitor S3484 increases 
apoptosis of neutrophils, which can be rescued by preincubation of 
cells with the reactive oxygen species (ROS) scavengerTrolox C or 
with the flavoprotein inhibitor diphenyleneiodonium (DPI).32 

Whether such local changes in intracellular redox state affect the 
localization or activity of Bcl-2 members or caspases is as yet 
unclear. If so. this may explain why in GSDIa the neutrophils do 
not show any apoptotic feature (not shown): in GSDIa neutrophils 
the import of G6P into the endoplasmic reticulum is intact. 

Microscopic examination of cytospins prepared from the GSDlb 
neutrophils revealed apoptotic changes in nuclear morphology in 
about 1:25 neutrophils. The early-apoptotic Annexin-V" neutro
phils outnumbered the neutrophils with clustered mitochondria. 
Bax translocation, and apoptotic morphology, which were consid
ered to be late-apoptotic. Although at low frequency, a few 
monocytes were found in the leukocyte preparations that had 
already engulfed apoptotic material (Figure 1E). 

Table 1. Patient characteristics 

Patient 

no. (sex)-

1(F) 

2(F) 

3(M) 

4(F) 

5(M) 

Age, 

y 

17 

9 

8 

2.5 

1.2 

G6PT mutation 

228G> A 1211-1212 del CT 

Homozygous 1211-1212 del CT 

6 2 7 0 T 1211-1212 del CT 

6 2 4 G > A 1 1 8 4 G > T 

5 5 0 T > G 1 2 1 2 T > C 

Infection 

Stomatitis: IBD 

Stomatitis 

None 

Stomatitis: 

ENT infections 

Stomatitis; 

ENT infections; 

Skin abscesses 

G-CSFf 

Yes 

Yes 

No 

No 

No 

ANC. t 
per uL 

540 

240 

190 

750 

760 

C5a 

60 

47 

41 

28 

30 

Chemotaxis§ 

IL-8 

36 

NT 

NT 

NT 

49 

PAF 

49 

21 

68 

45 

44 

NADPH-oxid 

PMA 

- glucose 

1.4(153) 

1.6(1.11) 

1.2(1.08) 

1.4(1.38) 

0.9(1.17) 

ase activity! 

PMA 

- glucose 

1.1 (2.01) 

1.5(2.24) 

1.2(2.12) 

1.5(1.98) 

1.1 (2.01) 

*M indicates male; F, female. 
tG-CSF 3 p.g/kg every other day. 
JANC indicates absolute neutrophil count (normal, > 1500 per (iL). 

§Chemotaxis is expressed as percentage of mean maximal slope of 2 age-matched controls measured on the same day; NT indicates not tested. 
«NADPH-oxidase activity is expressed as maximal slope of H ? 0 ? release in nmol HjO^min per 106 cells. The mean of 2 age-matched controls measured on the same day 

is given in parentheses. 
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Figure 1. Granulocytes from GSD1 b patients display apoptotic features. (A] Freshly purified neutrophils from a patient with GSD1 b (n = 5) and an age-matched control (n = 10) 
were stained by Annexin-V-fluorescein isothiocyanate (FITC) and PI. and analyzed by FACScan. Representative dot plots are shown. Values indicate the proportion of Annexin-V cells. 
(B) The summarized data of all measurements performed in fresh cells and cells cultured overnight m the absence or presence of exogenous G-CSF (100 ng/mL: n = 5). Bars represent 
mean - SD of Annexin-V cells in percentage of total number of neutrophils. (C) Overall caspase proteolytic activity in cell lysates prepared from 0.5 • 106 fresh healthy control neutrophils 
and neutrophils cultured overnight ( 70% apoptotic cells as measured by Annexin-V-FITC staining and morphologic examination; n - 5 ) as well as from freshly isolated neutrophils of 3 
GSD1 b patients was measured by cleavage of the fluorogenc caspase substrate DEVD-AMC. To check the specificity of the caspase proteolytic activity, the general caspase inhibitor 
zVAD-fmk (10 i»M final concentration; Alexis Biochemicals) was added to the assay mixture. The maximum speed (maximal slope) of AMC release was used as a measure of caspase 
activity. Results are presented as mean i SD maximal slope. 'P - .01 (by Student nest) versus control fresh neutrophils RFU indicates relative fluorescence units. (D) Fresh neutrophils 
from a healthy control and from patients with GSD1b were stained with antibody specific for Bax (green), counterstained with PI (1 (ig/mL; red) to visualize nuclear morphology, and 
analyzed by confocal microscopy. Note that in the control image a punctate-dispersed distnbution of Bax and polysegmented nucleus with normal chromatin are present In contrast, both 
patients' images (nos. 3 and 5) reveal Bax clustering and typical apoptotic nuclei with condensed chromatin (for further comparison with normal neutrophils, see also Maianski et al"). 
Representative images from 5 controls and 5 GSD1 b patients are shown. Bar is 5 urn. (E) Whole leukocyte preparation from patients with GSD1 b (1.5 2 • 1 & cells) was obtained after 
erythrocyte lysis. Cytospms stained with Giemsa solution were analyzed by light microscopy. Engulfment of apoptotic matenal (left panel) and intact cellular remnant (arrow, right panel) in 
monocytes are shown Onginal magnification, x 400. 

Neutropenia can result from diminished BM production and/or 
shortened half-life in the blood stream and rapid clearance from the 
circulation. Both myeloid hyper- and hypocellularity of the BM 
have been reported in GSDlb.8-23 Enhanced elimination of not yet 
fully differentiated neutrophils in GSDlb by macrophages via the 
I'S receptor, in concert with CD14. deposited mannose binding 
lectin and/or complement fragments."24 probably occurs in the 
BM prior to neutrophil egress. Rapid elimination of neutrophils in 
the BM could be an explanation for the discrepancy between BM 
cellularity and the neutropenia, irrespective of G-CSF administra
tion. Noneliminated senescent neutrophils could subsequently 
appear in the circulation (Figure 1). Whether clearance bj the 
hepatosplenic macrophage system contributes to GSDlb-
associated neutropenia is unknown. We have not observed abnor
mal red cells in the blood smears (such as target cells or 
Howel-Jolly bodies) indicative of a dysfunctional macrophage 
function. Moreover, splenomegaly may become apparent only 
when the spleen is suddenly overloaded by increased clearance of 
apoptotic cells during infections and/or exaggerated BM produc
tion. G-CSF administration can also affect splenic size bj extramed-

ullary hematopoiesis. sometimes complicated by hypersplcnism 
requiring dose reduction or splenectomy.:s 

In sum. neutrophils in GSDlb show a striking tendency of cell 
death in the circulation (with PS exposure), detectable caspase 
activity, perinuclear clustering of mitochondria, and translocation 
ol Bax. Moreover, we observed phagocytic removal by monocytes 
at low frequency in the blood samples, which indicates that the 
apoptotic bodies in GSDlb can be recognized and actively 
engulfed. G-CSF treatment in GSDlb does not prevent the 
induction of apoptosis in circulating neutrophils. We have studied 
neutrophils from children with infections (active pneumonia or 
septicemia), or with other neutropenic syndromes (autoimmune 
neutropenia, cyclic neutropenia, and Shwachman-Diamond syn
drome), but to date never observed circulating apoptotic neutro
phils in these patients (not shown). 
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Chapter VIII 
Neutrophils in Barth Syndrome (BTHS) avidly bind Annexin-V in 
the absence of apoptosis 
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T. W. Kuijpers, N. A. Maianski, A. T. J. Tool, K. Becker, B. Plecko, F. Valianpour, R. J. A. Wanders, R. Pereira, 
J. Van Hove, A. J. Verhoeven, D. Roos, F. Baas, and P. G. Barth 

Barth syndrome (BTHS) is a rare X-linked 
disease characterized by a triad of dilated 
cardiomyopathy, skeletal myopathy, and 
neutropenia. The disease is associated 
with mutations of the TAZ gene, resulting 
in defective cardiolipin (CL), an important 
inner mitochondrial membrane compo
nent. Untreated boys die in infancy or 
early childhood from septicemia or car
diac failure. To date, neutrophil function 
has never been studied. Directed motility 
and killing activity of neutrophils was 
investigated in 7 BTHS patients and found 

normal in those tested. The circulating 
neutrophils and eosinophils (but not 
monocytes or lymphocytes) showed an-
nexin-V binding, suggesting phosphati-
dylserine (PS) exposure due to apopto-
sis. However, caspase activity was absent 
in fresh BTHS cells. Unexpectedly, the 
near absence of CL impacted neither the 
mitochondrial mass and shape in fresh 
BTHS neutrophils nor mitochondrial clus
tering and Bax translocation upon apopto-
sis. Annexin-V binding to BTHS neutro
phils was not caused by phospholipid 

scrambling. Moreover, freshly purified BTHS 
neutrophils were not phagocytosed by mac
rophages. In sum, a massive number of 
circulating annexin-V-binding neutrophils 
in the absence of apoptosis can be demon
strated in BTHS. These neutrophils expose 
an alternative substrate for annexin-V differ
ent from PS and not recognized by macro
phages, excluding early clearance as an 
explanation for the neutropenia. (Blood. 
2004, In press) 

Introduction 

Barth syndrome (BTHS; Mendelian Inheritance in Man [MIM] 
302060) is an X-linked recessive disorder comprising dilated 
cardiomyopathy, muscular hypotonia, and neutropenia. Affected 
children usually die during infancy as a consequence of septicemia, 
cardiac failure, or both.1 In the first description from 1983 by Barth 
et al,2 ultrastructural abnormalities were reported in mitochondria 
in cardiac muscle cells, myeloid progenitor cells, and, to a lesser 
extent (up to 10%), skeletal muscle cells. Apart from this observation, an 
explanation for the isolated neutropenia in BTHS is still lacking. 

Neutrophils provide the essential first line of defense against 
bacterial and fungal pathogens.3 Although they are the predominant 
cell type among leukocytes, neutrophils have the shortest life span 
of all. Within a few days after leaving the bone marrow, apoptosis 
prevents the cytotoxic contents from the neutrophil granules to be 
released into the surrounding tissues and facilitates the elimination of 
cells by tissue macrophages.4-6 The exact molecular mechanisms 
underlying neutrophil apoptosis are unknown, although members of the 
B-cell lymphoma 2 (Bcl-2) protein family as well as caspases are 
involved.710 We have recently demonstrated that neutrophils also 
contain numerous mitochondria that cluster around the condensed 
nuclei during apoptosis. The proapoptotic Bcl-2 family member Bax 
translocates from the cytoplasm to these clustered mitochondria." 

The mutations causing BTHS are localized to a very gene-rich 
region in the distal portion of Xq28.12 The identification of unique 
mutations in one of the genes in this region, termed G4.5 and 

renamed TAZ, expressed at high level in cardiac and skeletal 
muscle, subsequently proved to be linked to the disease.13 Different 
mRNAs can be produced by alternative splicing of the primary 
G4.5 transcript, encoding proteins that vary at their N-terminus and 
in the central region. The BTHS mutations introduce stop codons in 
the open reading frame, interrupting translation of most of the 
putative proteins, designated "tafazzins." A clear phenotype-
genotype pattern seems to be absent.14-15 

Sequence homology of the G4.5 or TAZ gene to a highly 
conserved superclass of acyltransferases (the Neuwald hypoth
esis16) predicts a glycerolphospholipid as the missing end product. 
Studies in cultured BTHS skin fibroblasts have indeed suggested a 
primary defect in cardiolipin (CL) and phosphatidylglycerol remodel
ing.17 CL is exclusively found in the inner mitochondrial membrane and 
is required for optimal function of many of the respiratory and adenosine 
triphosphate (ATP)-synthesizing enzymes. Recently, we and others 
confirmed that tetralinoleoyl-cardiolipin was lacking in various tissue 
cells from BTHS patients.18-20 

Under normal conditions, cytochrome c is localized in the 
mitochondrial intermembrane space, attached to the inner mem
brane by its association with CL.21 Once cytochrome c is solubi-
lized, permeabilization of the outer mitochondrial membrane (eg, 
by Bax) is sufficient to allow the extrusion of cytochrome c into the 
cytosol, starting a proapoptotic cascade through the activation of 
various executioner caspases.7"10 
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BTHS patients may die early from infection and cardiac 
decompensation. We investigated granulocyte functions in BTHS. 
Neutrophil function was largely undisturbed, but the outer plasma 
membrane of BTHS neutrophils showed exposure of a substrate for 
annexin-V without other signs of ensuing cell death. Human 
macrophages did not phagocytose these fresh annexin-V* BTHS 
neutrophils, in contrast to cultured control (or BTHS) neutrophils. 
Normal findings in colony formation and myeloid differentiation in 
vitro argue against a bone marrow (BM) failure or maturational 
arrest in vivo. Although we have previously shown the presence of 
apoptotic neutrophils in the circulation of glycogen storage disease 
type lb (GSDlb),22 another syndrome with coinciding neutropenia, 
we now show that in BTHS the granulocytes in the bloodstream 
strongly bind annexin-V in the absence of imminent death or 
macrophage-defined clearance. 

Patients, materials, and methods 

Neutrophil purification, functional testing, and culturing 

Heparinized venous blood was collected from healthy donors and patients 
with Barth syndrome after obtaining informed consent and with approval of 
the medical ethical committee of our institute. Neutrophils were isolated by 
density gradient centrifugation over isotonic Percoll with subsequent 
erythrocyte lysis in an ice-cold isotonic NH4CI solution."-22 The remaining 
neutrophils were washed once in phosphate-buffered saline (PBS) and used 
for further manipulations. 

Neutrophil migration was assessed by means of Fluoroblok inserts 
(Falcon; Becton Dickinson, San Jose, CA). Cells (5 X 106/mL) were 
labeled with calcein-AM (1 u.M final concentration; Molecular Probes, 
Leiden, the Netherlands) for 30 minutes at 37°C, washed twice, and 
resuspended in HEPES (JV-2-hydroxyethylpiperazine-/v"-2-ethanesulfonic 
acid) buffer at a concentration of 2 X 106/mL. Chemoattractant solution 
(C5a, interleukin 8 [IL-8], platelet-activating factor [PAF]; all at 10 nM) or 
medium alone (0.8 mLAvell) was placed in a 24-well plate, and 0.3 mL of 
cell suspension was delivered to the inserts (3-u.m pore size) and placed in 
the 24-well plate. Cell migration was assessed by measuring fluorescence in 
the lower compartment at 2.5-minute intervals for 45 minutes with the 
HTS7000+ plate reader (Perkin Elmer, Norwalk, CT). Maximal slope of 
migration was estimated over a 10-minute interval. 

Nicotinamide adenine dinucleotide phosphate (NADPHJ-oxidase activity 
was assessed as hydrogen peroxide production determined by an Amplex Red kit 
(Molecular Probes). Neutrophils (1 x lCrVmL) were stimulated with 1 mg/mL 
serum-treated zymosan (STZ), PAF + fMLP (formyl-methionyl-leucyl-
phenylalanine; both 1 |iM, added simultaneously), or 100 ng/mL phorbol 
myristate acetate (PMA), in the presence of Amplex Red (0.5 pM) and 
horseradish peroxidase (1 U/mL). Fluorescence was measured at 30-second 
intervals for 20 minutes with the HTS7000+ plate reader. Maximal slope of 
H202 release was assessed over a 2-minute interval. 

Neutrophil culturing was performed as described." Briefly, purified 
cells were resuspended at a final concentration of 2 X 106 cell/mL in 
Iscoves modified Dulbecco medium (IMDM; BioWhittaker, Brussels, 
Belgium) supplemented with 10% heat-inactivated fetal calf serum (FCS) 
and were incubated for 15 to 18 hours in a 5% C02 incubator at 37°C with 
or without 100 ng/mL granulocyte colony-stimulating factor (G-CSF; 
Neupogen, Amgen, Breda, the Netherlands). 

Annexin-V staining, morphology, and caspase activity 

Annexin-V staining was performed as described," using annexin-V-
fluorescein isothiocyanate (FITC; 1:250; Bender Med Systems, Vienna, 
Austria), which specifically binds phosphatidyl serine (PS) residues on the 
cell membrane, and propidium iodide (PI; Bender Med Systems) at 1 
Hg/mL to detect binding to DNA once the cell membrane has become 
permeable. Cells were analyzed by FACScan (Becton Dickinson). 

Morphology was determined after Giemsa staining of cytospin prepara
tions. Apoptotic morphology was defined as the presence of condensed 
nuclei and simultaneous loss of the poly-segmented nuclear appearance. 

Total caspase activity was fluorimetrically assessed in neutrophil lysates 
(0.5 X 106 cells) as the release of 7-amino-4-methyl-coumarin (AMC) from 
50 u.M DEVD-AMC (Alexis Biochemicals, San Diego, CA) after 90 
minutes incubation at 37°C by means of the HTS7000+ plate reader.22 

Surface expression of CD16 and CD62L 

Surface expression of CDI6 (Fc-yRIIIb) or CD62L (L-selectin) was 
determined by labeling the cells with monoclonal antibodies (mAbs) 
conjugated to phycoerythrin (PE; 10 u.g/mL final concentration; CD16 
mAb 5D2, CLB, Amsterdam, the Netherlands; CD62L mAb Leu-8, Becton 
Dickinson) and subsequent flow cytometry. In some experiments a counter-
staining was performed by simultaneous addition of annexin-V-FITC. 

Mitochondrial staining;; 

To estimate mitochondrial morphology, neutrophils were stained with 100 
u-M MitoTracker GreenFM (Molecular Probes) and analyzed by a confocal 
laser scanning microscope (LSM510; Carl Zeiss, Heidelberg, Germany) as 
described." Mitochondrial mass was assessed by "'N-nonyl acridine orange 
(NAO; Molecular Probes), reported to measure the inner mitochondrial CL 
content.23 Cells were stained with 0.1 u.M NAO in IMDM medium for 15 
minutes at 37°C, washed, and analyzed by flow cytometry. 

Uptake of NBD-PS 

Measurement of uptake of the fluorescent PS analog palmitoyl-C6-(N-(7-
nitrobenz-2-oxa-l,3-diazol-4-yl)-phosphatidyIserine (NBD-PS; Avanti Po
lar Lipids, Birmingham, AL) was performed by flow cytometry as 
described24 with modifications. To initiate uptake, NBD-PS (final concentra
tion 20 nM) was added to 200 u.L of neutrophil cell suspension (2 X 106/ 
mL) in PBS containing 1 mM CaCI2, and the mixture was placed at 37°C. 
To stop labeling, after a 15-minute incubation the mixture was split into 2 
equal portions, which were put on ice and diluted by 100 u.L of ice-cold 
PBS with 4% defatted bovine serum albumin (+BSA) to extract label 
remaining on the outer leaflet of the membrane or without BSA (-BSA) for 
measuring total fluorescence. After 5 minutes extraction time, samples were 
analyzed by FACScan. The fraction of the probe incorporated was 
determined by dividing the geometric mean NBD fluorescence of the 
sample population after BSA treatment (internalized probe) by the geomet
ric mean of the NBD fluorescence of the same population in the absence of 
BSA (total bound probe) and was expressed as a + BSA/-BSA ratio. 

Soluble FC7RIII in plasma or serum 

Plasma or serum concentrations of soluble FC7RIII (sFc-yRIII) were 
measured by an enzyme-linked immunosorbent assay (ELISA) system, as 
described before.25 

Colony-forming units for granulocytes and 
macrophages/monocytes (CFU-GMs) 

Peripheral blood mononuclear cells (PBMCs) were used in semisolid 
cultures for CFU-GMs. PBMCs were separated by Ficoll-Hypaque density 
centrifugation (density 1.077 g/cm3; Pharmacia, Uppsala. Sweden). The 
CD34+ fraction was enriched with an immunomagnetic method (Mini-
MACS; Miltenyi-Biotec GmbH, Bergisch Gladbach, Germany), according 
to the manufacturer's instructions. After 14 days, colonies (> 40 cells per 
cluster) were determined and counted by microscopy for nuclear features of 
neutrophilic or monocytic origin. Colony formation was expressed as 
number of colony-forming units per 10s nucleated blood cells. 

Mass spectrometry of cardiolipin 

Cell pellets of 107 freshly purified neutrophils or neutrophils after overnight 
culturing were suspended in 1 mL of water and sonicated twice for 10 



seconds; 50 u.L was then removed and used for protein measurement. Fifty 
microliters of a 7.8 u.M solution of IS [(C14:0)4-CL] was then added as CL 
tracer lipid in chloroform-methanol (2:1 by volume) and 3 mL of a 
chloroform-methanol solution (2:1 by volume) to the remaining cell 
suspension. Further separation was performed essentially as described 
before,19-20 using an HP1100 series binary-gradient pump, a vacuum 
degasser, a column temperature controller (all from Hewlett-Packard), a 
231 XL autosampler (Gilson, Middleton, WI), and a Quattro II triple-
quadruple mass spectrometer in the negative electrospray ionization (ESI) 
mode (Micromass, Cary, NC). 

Phagocytosis of apoptotic neutrophils by human macrophages 

Human monocytes were isolated on a Percoll gradient as described 
previously,26 resuspended in RPMI plus 10% heat-inactivated pooled 
human serum (RPMI + HPS) to a final concentration of 2 X 106 cells/ 
mL, and allowed to adhere in 4-chamber polystyrene vessel tissue-
culture-treated glass slides (Falcon) for I hour. Thereafter, nonadherent 
cells were removed by washes, and adherent cells were allowed to 
mature into macrophages over a 7- to 10-day period in RPMI + HPS. 

Fresh or cultured (> 70% apoptotic by annexin-V staining and 
morphology) neutrophils were added to the macrophages and incubated 
at 37°C for 30 minutes. After 5 washes to remove attached noningested 
neutrophils, the preparations were fixed in formaldehyde vapors for 5 
minutes and treated with dimethoxybenzidine for 5 to 10 minutes to 
stain myeloperoxidase (MPO) as a neutrophil marker. Macrophages 
were counterstained by hematoxylin solution for another 5 minutes. The 
results are expressed as a percentage of macrophages that have ingested 
neutrophils ([number of macrophages with MPO-positive inclusions/ 
total number of macrophages scored by light microscopy] x 100). 

Results 

Patients 

Clinical symptoms were compatible with BTHS in all 7 patients 
analyzed here. From the patients, the TAZ gene was sequenced, and 
gene mutation analysis confirmed classical BTHS in all but one 
(no. 4), in whom a mutation has not yet been determined. The 
justification of the diagnosis of BTHS was further indicated by the 
biochemical analysis of urine and platelet CL alterations (Table 1). 
The accompanying 3-methylglutaconic aciduria (type 2), as origi
nally described as part of the BTHS in 1983 by Barth et al,1 is not a 
consistent or obligatory finding.2 Nonetheless, its presence repre
sents additional support for the diagnosis. 

Neutrophil counts and function 

We tested neutrophil numbers in 7 and function in 6 patients with 
BTHS. In 4 patients, a mild-to-severe neutropenia was present 
(Table 1). The number of purified neutrophils was mostly low, 
although depending on the volume of blood drawn. Experiments 
were thus limited in most patients and repeated and expanded over 
time on several different occasions. In this way, some follow-up 
was possible. During one year of follow-up the absolute neutrophil 
counts (ANCs) remained rather constant (data not shown). 

We focused on 2 major functional aspects of neutrophils. First, 
the production of hydrogen peroxide by neutrophils is a good 
reflection of respiratory burst activity (ie, NADPH-oxidase activity 
upon cellular activation). Different stimuli were tested for different 

Table 1 . Patient character ist ics 

Patient 

1 

Age, 

y 

0.7 

Dilated 
cardiomyopathy 

Yes 

3-Methyl 
glutaconic 

aciduria 

Yes 

TAZ gene mutation 

Codon 57, axon 2 

Cardiolipin 
deficiency 

Fibroblasts, 

thrombocytes 

Infections 

No 

ANC, no. 
per ( iL* 

1410 ± 120 

Eos/ 
neutro, 

% 
20-25 

Plasma 
SFC7RIII, 

%t 

210 

CGA > CTA missense mutation 

Arg-»l_eu 

2 2.1 Yes, ventricular 

noncompaction 

Yes Intron 1-exon2 Fibroblasts, 

thrombocytes 

No 567 1-2 51 

AG -»splice acceptor site 

3 11 Yes Yes Codon 197, exon 8 Thrombocytes Skin infections 890 20 71 

GGG > GTG missense 

mutation 

Gly -> Val 

4 

5 

12 

15 

Yes, mild, no 

treatment 

Yes 

Yes 

Yes 

Not known 

Codon 51, exon 2 

Fibroblasts, 

thrombocytes 

Fibroblasts, 

thrombocytes 

Neonatal 

infection 

No 

989 ± 128 

807 ± 262 

13-17 

15 19 

78 

64 

TAC > TAG stop codon 

6 Adult Yes Yes Codon 216, exon 8 Fibroblasts, 

thrombocytes 

No 2080 4 114 

GGA > AGA missense 

mutation 

Gly-»Arg 

7 Adult Yes, symptomatic 

during infancy, 

spontaneous 

improvement 

? Codon 57, exon 2 Fibroblasts, 

thrombocytes 

No 2990 2 120 

CGA > CTA missense mutation 

Arg -> Leu 

Eos indicates eosinophils; and neutro, neutrophils. 
*ANC, normal range; more than 1500 per |iL. 
tSoluble FC7RIH levels, normal range: 50% to 150% compared with pooled plasma. 
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activation and signaling routes: viz, STZ for uptake via comple
ment receptor type 3 (CR3); PMA for activation of protein 
kinase-C; and PAF-primed fMLP for activation via surface recep
tors.3-27 Second, we measured directed cell motility (chemotaxis) 
toward neutrophil-specific stimuli (ie, C5a, IL-8, or PAF) acting via 
different members of the aforementioned chemotaxin receptor 
superfamily.28-29 With both tests, the BTHS neutrophils did not 
show abnormalities (Table 2). Standard Escherichia coli killing 
assays were found normal in 3 BTHS patients tested (not shown). 

Neutrophil development 

Neutropenia can result from diminished bone marrow production 
and/or shortened circulation time or half-life in the blood stream, 
and, once extravascular, from enhanced clearance in the peripheral 
tissues.27 A bone marrow smear had previously been analyzed in 
the past in one patient only, showing slight hypocellularity of the 
myeloid lineage (R. S. Weening; unpublished observation). Further 
bone marrow samples were not available. To obtain an idea about 
myeloid development, CFU-GM formation from PBMCs was 
tested. In BTHS, 15 ± 4 myeloid colonies were counted versus 
16 ± 5 colonies in controls (mean ± SD; n = 3). 

To test total neutrophil body mass and turnover in vivo, we 
determined the plasma levels of soluble FC7RIII (SFC7RIII), a 
neutrophil surface protein derived from cleavage upon 1 activation 
or apoptosis in the tissues.25-27-30 As shown in Table 1, the levels of 
SFC7RIII were at the lower end of the normal values, except for 3 
patients of whom 2 were related BTHS patients (no. 1 and no. 7). 
These 3 patients had relatively normal ANCs (Table 1). None of the 
patients ever received G-CSF (or prophylactic antibiotic treatment). 

Annexin-V-FITC binding 

Another aspect of cell turnover is programmed cell death or 
apoptosis. Neutrophils are different from the other leukocytes in 
showing a dramatic spontaneous apoptosis within 24 to 36 hours of 
culture, unless the process is retarded by growth factors such as 
G-CSF, inflammatory cytokines, or endotoxin."-31-32 

In all experiments with freshly isolated granulocytes from 
BTHS patients, these cells displayed a strongly increased binding 
of annexin-V in comparison to granulocytes from age-matched 
controls (Figure 1A-B). Neutrophils as well as eosinophils also 
displayed this phenomenon (Figure 1 A). In contrast, the monocytes 
and lymphocytes in freshly obtained preparations did not bind any 
annexin-V. Erythrocytes and platelets were negative as well, and 
spontaneous platelet aggregation was also not observed. Moreover, 
neither F, + 2 cleavage fragment from activated prothrombin nor 

Table 2. Neutrophi l funct ions in Barth syndrome 

Patient 

1 

2 

4 

5 

6 

7 

NADPH oxidase activity 

STZ 

0.52 (0.60) 

NT 

0.67 (0.66) 

0.98 (0.66) 

0.77 (0.62) 

0.82(0.71) 

PMA 

NT 

NT 

2.21 (2.08) 

2.45(1.98) 

2.14(2.01) 

NT 

PAF + fMLP 

NT 

NT 

1.99(1.92) 

2.15(1.71) 

1.86(1.90) 

NT 

Chemotaxis 

C5a 

98 

95 

96 

103 

115 

NT 

IL-8 PAF 

100 95 

NT 68 

NT 99 

NT 77 

114 97 

NT NT 

Neutrophil functions were tested in freshly purified cells from 6 BTHS patients. 
NADPH-oxidase activity is expressed as maximal slope of H202 release in nmol 
l-kCVminute per 106 cells. The mean of 2 age-matched controls measured on the 
same day is given in parentheses beneath the corresponding patient value. 
Chemotaxis is expressed as percentage of mean maximal slope ol 2 age-matched 
controls measured on the same day. 

NT indicates not tested. 

A Control BTHS 

Controls BTHS 
Figure 1. Freshly isolated granulocytes from patients with BTHS display 
increased annexin-V binding. Freshly purified granulocytes from 7 patients with 
BTHS and age-matched control individuals (n = 14) were stained by annexin-V-
FITC and propidium iodide (PI) and analyzed by flow cytometry. (A) Representative 
plots tor a patient and an age-matched control of the same day; numbers indicate the 
percentage of annexin-V- cells among total cell population. (B) Summarized data of 
all measurements performed. Values represent mean ± SD. 'P < .05 by the Student 
rtest. 

thrombin-antithrombin (TAT) complexes was detectable (data 
not shown). 

Since annexin-V binding is generally assumed to be an early 
event during apoptosis, other experiments were performed to 
determine whether programmed cell death was indeed detectable in 
the neutrophils obtained from the circulating granulocyte pool. 

Absence of apoptosis 

First, microscopic examination of cytospins prepared from freshly 
isolated neutrophils revealed no apoptotic changes in cellular 
morphology. Just as in control preparations, more than 98% of the 
neutrophils from the BTHS patients presented the usual poly-
segmented nuclei, unless cultured overnight (Figure 2A-B). 

Second, clustering of mitochondria, as another apoptotic marker 
occurring early during apoptosis of neutrophils, was also absent in 
the fresh neutrophils of BTHS patients (Figure 2C). The majority of 
these cells demonstrated normal tubular mitochondria after specific 
mitochondrial fluorescent staining," as did control neutrophils. 
The mitochondrial clustering became only visible during spontane
ous apoptosis in overnight cultures (Figure 2D). One patient was 
monitored 4 times with 1-month intervals. In all tested samples 
from this patient, the annexin-V+ neutrophils were impermeable 
for PI (indicative of an intact plasma membrane), had a normal 
morphology, and had normal mitochondria] structures. 

Third, the absence of fluorescent substrate cleavage used to 
quantify endogenous caspase activity also excluded the presence of 
activated caspases in the BTHS neutrophils (Table 3). Bax staining 
of fresh neutrophils additionally demonstrated the absence of Bax 
translocation or clustering, as normally seen during neutrophil 
apoptosis (not shown; see Maianski et al"). 

Membrane expression of apoptosis-sensitive proteins and 
membrane lipid scrambling in BTHS neutrophils 

Under normal conditions of early apoptosis, both FC7RIII (CD 16) 
and L-selectin (CD62L) are shed rapidly from the plasma mem
brane of neutrophils.4-5 We tested the expression of these surface 
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Apoptotic Control BTHS 

Figure 2. Freshly isolated granulocytes from patients with BTHS display 
normal morphology and mitochondrial structures. Granulocytes trom patients 
with BTHS were tested for internal signs of apoptosis in a freshly purified preparation 
(A,C) and upon overnight culture (B,D). (A-B) Neutrophil morphology by light 
microscopy. (C-D) Mitochondrial staining with MitoTracker GreenFM assessed by 
confocal laser scanning microscopy. All bars are 5 | im. Results shown are represen
tative of 10 experiments performed on different occasions with cells from 6 patients in 
total. For comparison with normal neutrophils, see Maianski et a l . " 

. " " • I !"•* J ' " - I J " " . " J " i " | , " ' ^ , " " - ! . ! " • < , 
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Figure 3. Normal surface expression of CD16 and 10N-nonyl acridine orange 
(NAO) staining in freshly isolated granulocytes from patients with BHTS. Fresh 
granulocytes from a control individual (left) and from a BTHS patient (right) were 
colabeled with annexin-V-FITC and anti-CD16-PE mAb (top; representative for 7 
controls and patients tested) or stained with NAO (bottom; representative for 3 
controls and patients tested) and analyzed by flow cytometry. In the top panels, 
CD16~/au" cells (circles) were identified as eosinophils by separate staining with 
anti-CD9 mAb (a specific eosinophil marker) and morphology of cytospin prepara
tions (data not shown). In the bottom panels, values indicate mean fluorescence 
intensity (MFI) of NAO staining. 

markers on neutrophils to confirm the nonactivated and nonapop-
totic state of these cells. Whereas freshly isolated BTHS neutro
phils were largely annexin-V+, surface expression of CD16 was as 
high as in control neutrophils (Figure 3 top). The same was true for 
L-selectin (not shown). In fact, the normal surface expression of 
these proteins also excluded early neutrophil activation as a 
possibility of membrane perturbation or early flip-flop of PS during 
isolation and purification procedures of the neutrophils. The 
CD16~/du" cells in the granulocyte preparations (Figure 3 top, 
within circles) were recognized as eosinophils (as confirmed by 
separate CD9 staining and morphology on cytospin preparations; 
not shown). Their numbers were considerably increased compared 
with the control cell preparations (Table 1). 

The mechanism of PS exposure on the cell surface involves a 
coordinate inhibition of aminophospholipid translocase activity, 
which translocates PS from the outer to the inner leaflet of the 
plasma membrane, and activation of lipid scramblase, which 
catalyzes the randomization of membrane phospholipids.24 To 
determine whether these processes were operative in BTHS 
neutrophils, we measured uptake of fluorescently labeled PS 

(NBD-PS). After 15 minutes of incubation, both freshly purified 
control and BTHS neutrophils took up NBD-PS into the inner layer 
of the plasma membrane, since internalized phospholipids could 
not be extracted by BSA treatment. The ratio of fluorescence 
+BSA/-BSA was close to 1 (mean ratio ± SD of control 
0.97 ± 0.03, n = 3; and of BTHS patients 0.99 ± 0.01, n = 3). 
In contrast, in apoptotic neutrophils the +BSA/-BSA fluores
cence ratio was 0.54 ± 0.1 (n = 3), indicative for a disturbed 
transbilayer lipid movement, which can be explained by either 
inhibition of translocase or increased scramblase activity or 
both.24 Thus, an inherently abnormal lipid scrambling in the 
membrane of the BTHS neutrophils is not the reason for the 
enhanced annexin-V binding. 

Spontaneous apoptosis and G-CSF-induced survival 
in BTHS neutrophils 

From 5 patients, the number of neutrophils after purification was 
sufficient for further apoptosis studies. These BTHS neutrophils 
were subjected to overnight culturing. During spontaneous apopto
sis, the proportion of annexin-V+ cells further increased, with 

Table 3. Apoptos is and caspase activity in control and BTHS neutrophi ls 

Neutrophil 
preparation 

Fresh 

Overnight cultured 

Overnight + G-CSF 

Annexin-V*, 

%• 
3 + 2 

75 ± 8 

52 ± 12 

Control, n = 5 

Apoptotic 
morphology, %• 

< 2 

86 i 12 

46 ± 1 7 

Caspase activity, 
RFU+ 

0 ± 1 3 

527 = 70 

NT 

Annexin-V*, 
%* 

5 6 z 3 

9 8 i 2 

78§ 

BTHS, n = 5 

Apoptotic 
morphology, %• 

< 2 

92 ± 6 

50§ 

Caspase activity, 

RFUf 

0 ± 15+ 

NT 

NT 

RFU indicates relative fluorescence unit (mean ± SD); and NT, not tested. 
•Fresh neutrophils or neutrophils cultured overnight with or without G-CSF (100 ng/ml) were labeled with annexin-V-FITC or stained with Giemsa solution, and apoptosis 

was assessed. Values represent mean * SD of annexin-V' cells or cells with apoptotic morphology in percentage of total number of neutrophils. 
tOverall caspase proteolytic activity in cell lysates prepared from freshly isolated or overnight cultured control neutrophils and fresh neutrophils of 3 BTHS patients, 

measured by the cleavage of the fluorogenic caspase substrate DEVD-AMC. The amount of released AMC was used as a measure of caspase activity. 

+n = 3. 
§n = 2. 
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typical apoptotic morphology (Table 3). G-CSF, an agent known to 
delay neutrophil spontaneous apoptosis, provided some antiapo-
ptotic effect in the patients' neutrophils, decreasing the proportion 
of annexin-V+ cells after overnight culturing from 95% to 98% to 
74% to 82%, which is still higher than the values observed with 
freshly isolated neutrophils. Also the morphology was rescued 
from apoptotic features in approximately 50% of the BTHS cells, 
similar to control neutrophils (Table 3). 

Mitochondrial CL in BTHS neutrophils 

The acridine orange derivative 10N-nonyl acridine orange (NAO) 
has been demonstrated to bind with high affinity to the major lipid 
of the inner mitochondrial membrane in intact whole cells (ie, 
CL).23 A linear relationship has been suggested between CL content 
of model membranes and the binding of this dye. In this way, the 
mitochondrial mass can be determined in neutrophils. 

The possibility of a disturbed NAO staining in the BTHS 
neutrophils was therefore tested. As shown in the bottom panels of 
Figure 3, NAO staining was identical to the pattern obtained with 
neutrophils from the age-matched healthy controls. Thus, NAO is 
not suitable as a readout for the changed lipid remodeling of the 
mitochondrial inner membrane. In support of the apoptosis studies 
in BTHS neutrophils, the NAO experiments confirm that the actual 
number of mitochondria in BTHS seems unchanged, but the form 
and function of the mitochondria cannot be distinguished by NAO 
staining from those in normal neutrophils. 

CL fractions in platelets were routinely determined in the blood 
samples of the BTHS patients.19 Total CL and CL subspecies were 
decreased in platelets and showed a specific decrease of various CL 
molecular species (not shown). Although NAO staining was 
unaffected in the BTHS neutrophils, we considered the possibility 
that the CL lipid alterations could be present in these cells as well. 

We therefore analyzed CL molecular species by high-
performance liquid chromatography-mass spectrometry (HPLC-
MS). Various double-negatively charged CL molecular species 
were detected in fresh control neutrophils (Figure 4A). The peak at 
m/z 723.6 belongs to [(C18:2)4--2H]2--CL, which is the most 
prevalent CL molecule. The peak at m/z 724.6 corresponds with the 
second isotope peak of m/z 723.6 (ie, with [(C18:2)j/(C18:l)i_-
2H]2~-CL). The peak at m/z 725.6 corresponds with the second 
isotope peak of m/z 724.6 (ie, with [(C18:2)2/(C18:1)2_-2H]2--

CL). No significant differences were observed between freshly 
isolated neutrophils and neutrophils cultured overnight (with 
76%-82% annexin-V positivity; Figure 4A-B). In BTHS neutro
phils, however, a significant decrease of the most abundant CL 
species [(C18:2)4-CL, (C18:2)3(C18:l),-CLand (C18:2)2(C18:1)2-
CL)] was present compared with control neutrophils (Figure 4C), 
although the phosphatidylinositol, phosphatidylcholine, and sphin
gomyelin species were identical in BHTS and control neutrophils 
(Figure 4D-G). These findings confirm that the alterations in CL 
most likely occur in any cell type in BTHS, including neutrophils 
(Figure 4) and PBMCs (data not shown), as was previously shown 
for fibroblasts and platelets19,20 as well as for skeletal and cardiac 
muscle.18 CL was studied in mitochondria-free plasma membrane 
fractions of control granulocytes and found, as expected, to be 
completely absent (data not shown). The CL changes may thus 
affect the mitochondrial lipid composition without changing its 
apoptotic program. 

BTHS neutrophil uptake by human macrophages 

To study the meaning of the increased annexin-V binding to BTHS 
neutrophils for recognition and uptake by scavenger cells, we used 
macrophages derived from monocytes of healthy control donors. 
For comparison, neutrophils from controls and BTHS patients 
directly after isolation and after overnight culture were coincubated 
with these macrophages. Freshly isolated normal neutrophils 
(< 5% annexin-V+ cells) were hardly uptaken. Fresh BTHS 
neutrophils, despite being more than 60% annexin-V+, were not 
ingested either (Figure 5). Only after culture (when nuclear 
morphology, mitochondrial clustering, and annexin-V staining 
together indicated that > 70% of the neutrophils were in apopto
sis), both control (Figure 5) and BTHS neutrophils (not shown) 
were ingested by macrophages. 

Neutrophils from obligate carriers and increased 
annexin-V binding 

The presence of annexin-V binding was further studied in obli
gate carriers (n = 6), 3 of which had lost a child due to BTHS. 
We detected slightly increased levels of annexin-V binding to 
the granulocytes. This was not a very strong and constant find
ing (Figure 6), which is in accordance with the imperfect 
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Figure 4. Cardiolipin composit ion and spectra of some other 
phospholipids determined by HPLC-mass spectrometry in freshly 
isolated BTHS granulocytes. (A,D,F) Freshly purified control neutro
phils; (B) neutrophils from the same donor after overnight culture with 
more than 80% annexin-V binding; (C,E,G) freshly purified neutrophils 
from a BTHS patient with more than 60% annexin-V binding. CL 
molecular species are shown in panels A-C. Arrows indicate the most 
abundant CL molecular species and their fatty acid composition. 
BTHS neutrophils did not contain CLspecies either in fresh cells (C) or 
in apoptotic cells (not shown). Phosphatidyl inositol molecular species 
are shown in panels D-E. Phosphatidyl choline and sphingomyelin 
molecular species are shown in panels F-G. Representative results 
from 3 BTHS patients and 3 control individuals. 
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Fresh Cultured Fresh 

Controls BTHS 

Figure 5. Uptake of BTHS neutrophils by human monocyte-derived macro
phages. Freshly purified control granulocytes (fresh) and granulocytes from the 
same donor after overnight culture with more than 70% annexin-V binding (cultured) 
were incubated with human monocyte-derived macrophages for 30 minutes, and the 
percentage of phagocytizing macrophages was estimated as described in "Patients, 
materials, and methods" (•) . Freshly purified granulocytes from a BTHS patient with 
more than 60% annexin-V binding were used to compare with the control granulo
cytes (D). Uptake of cultured apoptotic BTHS granulocytes was similar compared 
with cultured control cells (not shown). Results shown (mean ± SD) are representa
tive of experiments performed on different occasions with cells from 4 control 
individuals and 3 patients in total. 

X-inactivation and selection against cells with the X-chromosome 
carrying the mutant allele demonstrated before.33 None of these 
carriers were neutropenic (ANC, 2.38 X 109/L ± 0.357 X 109/L 
[2380 ± 357 cells/u-L]). Due to the broad distribution in annexin-V 
binding in the total population of neutrophils from BTHS carriers, 
it was impossible to discern 2 distinct subpopulations (ie, one with 
and another without annexin-V binding). In line herewith, compari
son of the geometric mean fluorescence intensities (geo-MFIs) of 
annexin-V binding of the healthy adult controls and their apoptotic 
cells upon culture with the fresh neutrophils from carriers or BTHS 
patients indicated low sensitivity (Figure 6). Distinction of 2 
subpopulations of cells in the carriers will not be successful without 
further RNA analysis in neutrophils. 

We measured CL levels in the neutrophils and platelets of these 
carriers to see whether CL levels were more discriminating than the 
annexin-V binding. However, CL levels were all within the range 
of normal control cells, similar to the results previously obtained 
with fibroblasts of carriers19'20 (data not shown). 

Discussion 

Annexin-V binds to the plasma membrane of circulating BTHS 
neutrophils and eosinophils (but not other blood cells), yet 
apoptosis cannot explain this finding. We found a normal nuclear 
and mitochondrial morphology, the usual mitochondrial mass and 
cellular distribution, as well as the absence of enzymatic caspase 
activity in fresh BTHS neutrophils. 

Aging of neutrophils is accompanied by a progressive loss of 
functions, such as adherence, chemotaxis, phagocytosis, and respi
ratory burst.34 Our recent observations in GSDlb have demon
strated the presence of circulating neutrophils that are truly 
apoptotic (ie, positive for annexin-V binding with nuclear conden
sation, Bax translocation to clustered mitochondria, and caspase 
activity).22 In BTHS, we did not observe these features. The 
patients' neutrophils had normal functional capacities, further 
excluding the possibility of a death-prone cell phenotype. 

In overnight cultures of BTHS neutrophils, the usual mitochon
drial clustering and Bax translocation were observed during 
spontaneous apoptosis, as in normal neutrophils." Targeting of Bax 
to the mitochondria has been suggested to involve CL, both at the 

inner membrane as well as in small contact points at the mitochon
drial outer membrane.35"38 Although CL seems to be strongly 
decreased and differently acylated in BTHS neutrophils, this results 
neither in a changed Bax relocalization upon apoptosis nor in 
significant changes in NAO staining, both believed to be CL 
dependent.23-35-37 CL is integral to the normal functioning of 
mitochondrial electron transport and energy metabolism; loss of 
CL will lead to reduced cytochrome c-oxidase activity and 
destabilization of cytochrome c.38 However, neutrophil mitochon
dria neither show respiration nor participate in ATP synthesis.39 

Moreover, cytochrome c, in contrast to many other apoptosis-
related mitochondrial proteins, is hardly expressed in neutro
phils,3940 and neutrophils may therefore not depend on CL. On the 
other hand, reactions of BTHS lymphocytes toward various 
mitogens as well as activation-induced cell death in CD3-activated 
BTHS lymphocytes or Fas-induced lymphocyte apoptosis were 
normal (not shown). Thus, the concentration and modifications of 
CL in BTHS do not necessarily impose an altered apoptotic 
response on BTHS neutrophils or lymphocytes. 

Annexin-V shows considerable affinity for PS. PS functions to 
enhance the procoagulatory cascade4M7; procoagulatory parame
ters of thrombin activation by cellular PS exposure were undetect
able in BTHS patients. In addition, PS exposure on the neutrophils 
could theoretically contribute to the neutropenia in BTHS by 
enhanced clearance through the receptor for PS (PSR) on macro
phages.48 However, the neutropenia was variable and considered 
moderate to mild in hematologic terms. Moreover, the percentage 
of annexin-V-binding cells did not correlate with absolute neutro
phil counts and human macrophages did not phagocytose freshly 
isolated BTHS neutrophils. 

Annexin-V binding to BTHS neutrophils can be explained in 
several ways. First, PS is the ligand for annexin-V on the cell 
membrane but the stereometry of PS on BTHS neutrophils might 
be different, leaving recognition by annexin-V intact while render
ing the PSR ineffective. However, because the stereo-specificity of 
annexin-V is thought to be similar and uptake of apoptotic BTHS 
cells is intact, this explanation seems less plausible. Second, the 
ligand may still be PS, but PSR-mediated uptake by macrophages 
of apoptotic cells depends on cofactors not expressed on BTHS 
neutrophils, which can certainly be of relevance because the 
apoptotic machinery of caspase cleavage is not active in BTHS 
neutrophils.49 In both explanations, the reason of the PS flip-flop in 
BTHS neutrophils remains to be explained. Finally, annexin-V 
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Figure 6. Annexin binding of purified neutrophils from controls, obligate 
carriers, and BTHS patients in comparison with apoptotic neutrophils. Freshly 
purified granulocytes from healthy donors (Controls) and granulocytes from the same 
donor after overnight culture with more than 80% annexin-V binding (Apoptotic) were 
compared with freshly purified neutrophils from obligate carriers and BTHS patients. 
The geometric mean fluorescence intensity (geo-MFI) of annexin-V-FITC was 
determined by flow cytometry; the mean * SEM is given per experimental cohort of 
individuals in parentheses. 
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might bind to an alternative ligand or surface-expressed membrane 
molecule on granulocytes from BTHS patients that is by itself not 
recognized by the PSR. Observations on annexin-V binding 
without signs of apoptosis in murine B cells and mouse myotube 
formation are reminiscent to our observations in BTHS.50-51 In 
these reports, annexin-V binding was, without proof though 
assumed to be, strictly PS dependent. 

In support of the possibility of an alternative ligand for 
annexin-V is the fact that abnormal membrane lipid scrambling in 
BTHS neutrophils seemed absent. Membrane lipid asymmetry is 
normally maintained as a concerted action of an inward-directed 
pump specific for PS and an outward-acting lipid pump, called 
aminophospholipid translocase and floppase, respectively. During 
the apoptotic process, activation of scramblase, which mediates 
Ca2+-dependent bidirectional movement of phospholipids across 
the membrane, and concomitant inhibition of the aminophospho
lipid translocase cause a collapse of the membrane phospholipid 
asymmetry, manifested by exposure of PS on the cell surface.24'41'45 

Furthermore, annexin-V is able to bind to alternative substrates, as 
has been shown in studies with artificial lipid membranes or lipid 
peroxidation.52-53 Although HPLC-mass spectrometry was sensi
tive enough to define and quantify the altered mitochondrial CLs in 
BTHS neutrophils, lipid aldehyde adducts resulting from peroxida
tion at the plasma membrane cannot be identified in this way. 

Alternative splicing of the primary G4.5 transcript has been 
described, encoding proteins that vary at their N-terminus and in 
the central region. In BTHS, the mutations introduce stop codons in 
the open reading frame, interrupting translation of the so-called 
tafazzins.1415 Recent findings in yeast indicate that only one 
transcript may be held responsible for the changes in CL metabo
lism.54 However, when certain transcripts still have acyltransferase 
activity toward lipids at the plasma membrane in neutrophils and 
eosinophils, preventing these lipids from annexin-V binding to 
these cells, the difference in annexin-V binding to the various blood 
cells in BTHS could be explained. Moreover, our data demonstrate 
that the relation between constitutive annexin-V binding and 
decreased CL levels is not strict. First, not all BTHS cells bind 

annexin-V while being CL depleted. Second, normal CL levels 
were measured in blood samples from 2 female carriers with 
clearly positive annexin-V binding to their neutrophils. Although 
there was considerable variability in annexin-V binding to the 
neutrophils among obligate carriers, none had even the smallest 
indication of low ANCs. These findings in carriers are further 
support against a direct causal relationship between the neutropenia 
in BTHS patients and the annexin-V binding per se. 

The neutropenia in BTHS cannot be explained by early 
clearance through phagocytosis of neutrophils. The absence of 
defective CFU-GM formation further excludes a failure in growth 
and differentiation of myeloid cells from CD34+ hematopoietic 
stem cells in BTHS. Most colonies in the BTHS cultures consisted 
of neutrophils, similar to the results with control cells. The size of 
the colonies in the BTHS CFU-GM cultures seemed even larger 
instead of smaller. More extensive studies in long-term BM 
cultures are needed to better understand the phenomenon of 
neutropenia. 

In sum, we observed annexin-V staining of circulating BTHS 
neutrophils in the complete absence of detectable cell death. This 
result suggests that an increased binding of annexin-V (whatever its 
ligand is) does not necessarily reflect an apoptotic state of the cell. 
Thus, to get an accurate estimation of cell death, the use of several 
detection methods is required. The alterations in CL were present in 
BTHS neutrophils and other blood cells but did not result in 
perturbed responses. The annexin-V-binding ligand on BTHS 
neutrophils did not result in uptake by macrophages and thus 
cannot explain the variable neutropenia in BTHS patients. Further 
studies are ongoing to identify the annexin-V-binding surface 
molecule in order to appreciate the in vivo impact of the modifica
tions at the plasma membrane of neutrophils in BTHS patients. 
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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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Chapter X 
Summary 

Nederlandse samenvatting 

Pe3K)Me (Ha pyccxoM rabixe) 



Summary 

This thesis is devoted to investigation of mechanisms and regulation of neutrophil cell death. 

Chapter I contains a general introduction to the topic of apoptosis and focusses more 

specifically on the current literature related to apoptosis of neutrophils. Chapter II describes 

the events associated with neutrophil apoptosis and its inhibition by G-CSF. Spontaneous 

neutrophil apoptosis coincides with subcellular redistribution of the pro-apoptotic protein Bax 

from the cytosol to the mitochondria, mitochondrial clustering and activation of caspase-3. G-

CSF delays neutrophil apoptosis and prevents all indicated changes in a protein synthesis-

dependent manner. These data suggest that neutrophils possess mitochondria that may play a 

role in the apoptotic process, and G-CSF interrupts a mitochondria-dependent mechanism. In 

Chapter III a caspase-independent pathway of neutrophil cell death has been characterized. 

As was shown in Chapter II, inhibition of caspases prevents spontaneous neutrophil apoptosis. 

However, even under conditions of caspase inhibition (treatment with the general caspase 

inhibitor zVAD-fmk) stimulation with TNF-a induces a "non-classical" type of cell death, 

which is by several criteria different from "classical", caspase-dependent, spontaneous or 

TNF-a alone-induced neutrophil apoptosis. This type of cell death is absent in mitochondria-

depleted, neutrophil-derived cytoplasts and is prevented in intact neutrophils by scavengers of 

reactive oxygen intermediates or by specific inhibitors of mitochondrial respiration. Thus, the 

TNF-ct-induced, caspase-independent route of neutrophil cell death depends on reactive 

oxygen species of mitochondrial origin. Moreover, this death pathway requires the 

intramitochondrial serine protease activity of the pro-apoptotic mitochondrial factor 

Omi/HtrA2 (Chapter IV). This conclusion is derived from the finding that the specific 

inhibitor of Omi/HtrA2's serine protease activity ucf-101, when present inside the 

mitochondria, abrogates death effects caused by TNF-ct+zVAD-fmk. 

Chapter V reports in more detail on the functional characteristics of neutrophil mitochondria. 

These organelles appear to be different in neutrophils from other cell types, because they 

preserve mainly death-mediating abilities and hardly participate in the cellular metabolism. 

Upon induction of apoptosis with TNF-a and cycloheximide, the neutrophil mitochondria 

release a number of pro-apoptotic proteins into the cytosol, which facilitate activation of the 

caspase cascade. Intact activation of the initiator caspase-9 in the virtual absence of 

cytochrome c in neutrophils suggests that in these cells the intrinsic pathway of apoptosis may 
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operate in a different way in comparison to other cell types. In this respect, a massive 

liberation of other mitochondrial pro-apoptotic factors, such as Smac/DIABLO and 

Omi/HtrA2 into the cytosol during neutrophil apoptosis attracts attention. Chapter VI 

continues to elucidate the mechanisms of anti-apoptotic effects of G-CSF. This agent blocks 

translocation of Bid and Bax (pro-apoptotic Bcl-2 homologues) to the mitochondria as well as 

truncation of Bid, thus preventing subsequent mitochondrial leakage and processing and 

increased enzymatic activity of caspase-8, 9 and 3, which accompany spontaneous apoptosis. 

These data support an integrative role of the mitochondria in induction and/or amplification of 

caspase activity and confirms our previous observations (see Chapter II) that G-CSF may act 

by blocking Bid/Bax redistribution and inhibiting caspase activation. 

Enhanced apoptosis as a possible cause of neutropenia in patients with glycogen storage 

disease type lb (GSDlb) is discussed in Chapter VII. Neutropenia and/or neutrophil 

dysfunction together with hepatomegaly, growth retardation, osteopenia, and kidney 

enlargement are characteristic features of GSDlb. Circulating GSDlb neutrophils display 

several apoptotic markers, including increased Annexin-V binding and caspase activity. 

Current understanding of neutrophil apoptosis and the accompanying functional demise 

suggest that GSDlb granulocytes are dysfunctional because they are apoptotic. In contrast to 

GSDlb, neutrophils from patients with Barth syndrome (BTHS), a rare X-linked disease 

characterized by triad of dilated cardiomyopathy, skeletal myopathy and neutropenia, bind 

Annexin-V in the absence of any other apoptotic marker (Chapter VIII). These cells are 

functionally intact and are not phagocytosed by macrophages, excluding early clearance as an 

explanation for the neutropenia. BTHS is associated with defective cardiolipin (CL), an 

important inner mitochondrial membrane component, which is required for the normal 

functioning of mitochondrial electron transport and energy metabolism as well as for the 

targeting of Bax to the mitochondria during apoptosis. Despite a profound decrease in CL 

content in BTHS neutrophils, they still display Bax relocalization and undergo apoptosis upon 

culturing. Thus, the decreased concentration and the modifications of CL in BTHS do not 

necessarily impose an altered apoptotic response on BTHS neutrophils, suggesting that in 

neutrophils this may not depend on CL. These results (and data presented in Chapter III) also 

imply that Annexin-V binding does not always indicate an apoptotic state of the cell and 

dictate us to measure apoptosis with several methods for an accurate estimation of apoptosis. 

Chapter IX provides a general discussion on emerging intriguing questions related to the 

present studies. 
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Samenvatting 

Dit proefschrift beschrijft onderzoek naar het mechanisme en de regulatie van apoptose van 

neutrofiele granulocytes Hoofdstuk I bevat een algemene introductie tot het onderwerp 

apoptose en gaat specifiek in op de huidige literatuur over apoptose van neutrofiele 

granulocyten (neutrofielen). Hoofdstuk II beschrijft de cellulaire reacties waarmee 

neutrofielenapoptose gepaard gaat en de remming daarvan door G-CSF. Spontane 

neutrofielenapoptose is geassocieerd met subcellulaire redistributie van het pro-apoptotische 

eiwit Bax van het cytosol naar de mitochondriën, mitochondriale klontering en activatie van 

caspase-3. G-CSF vertraagt neutrofielenapoptose en verhindert al deze veranderingen via een 

proces dat afhankelijk is van eiwitsynthese. Deze gegevens suggereren dat neutrofielen 

mitochondriën bevatten die een rol zouden kunnen spelen in het apoptotische proces, en dat 

G-CSF een mitochondriën-afhankelijk mechanisme blokkeert. In Hoofdstuk III wordt een 

caspase-onafhankelijke route van neutrofielenceldood gekarakteriseerd. Zoals beschreven in 

Hoofdstuk II verhindert remming van caspases de spontane apoptose van neutrofielen. Echter, 

bij gebruik van de algemene caspaseremmer zVAD-fmk induceert TNF-a een "niet-

klassieke" vorm van celdood die op basis van diverse criteria verschilt van de "klassieke", 

caspase-afhankelijke neutrofielenapotose. Deze laatste treedt spontaan op of kan door TNF-a 

(zonder zVAD-fmk) geïnduceerd worden. De "niet-klassieke" celdood wordt niet 

waargenomen in neutrofielencytoplasten, die geen mitochondriën bevatten. In intacte 

neutrofielen wordt de "niet-klassieke" celdood verhinderd door reagentia die reactieve 

zuurstofverbindingen wegvangen en door specifieke remmers van de mitochondriale 

ademhaling. De TNF-ct-geïnduceerde, caspase-onafhankelijke route van neutrofielendood is 

dus afhankelijk van reactieve zuurstofverbindingen van mitochondriale oorsprong. Bovendien 

is deze route van celdood afhankelijk van de activiteit van het intramitochondriale serine 

protease Omi/HtrA2, dat als een pro-apoptotische mitochondriale factor fungeert. Deze 

conclusie werd getrokken uit het gegeven, beschreven in Hoofdstuk IV, dat de intra

mitochondriale aanwezigheid van ucf-101, een specifieke remmer van de serine protease 

activiteit van Omi/HtrA2, de celdoodverschijnselen voorkomt die door TNF-a + zVAD-fmk 

worden opgeroepen. 

Hoofdstuk V rapporteert in meer detail over de functionele karakteristieken van de 

mitochondriën in neutrofielen. Deze organellen lijken in neutrofielen verschillend te zijn van 
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die in andere celtypen, omdat ze in neutrofielen vooral betrokken lijken te zijn bij processen 

die tot celdood leiden, en niet lijken deel te nemen aan het celmetabolisme. Bij inductie van 

apoptose met TNF-ct + cycloheximide laten de mitochondriën een aantal pro-apoptotische 

eiwitten los in het cytosol die de activatie van de caspasecascade bevorderen. Activatie van 

caspase-9 ondanks de vrijwel afwezigheid van cytochroom c in neutrofielen suggereert dat in 

deze cellen de intrinsieke route van apoptose op andere wijze verloopt dan in andere cellen. 

Wat opvalt is een massaal vrijkomen in het cytosol van andere mitochondriale pro-

apoptotische factoren, zoals Smac/DIABLO en Omi/HtrA2. Hoofdstuk VI beschrijft verder 

onderzoek naar het mechanisme van de anti-apoptotische effecten van G-CSF. Deze 

verbinding blokkeert de translocatie van Bid en Bax (twee pro-apoptotische Bcl-2 

homologen) naar de mitochondriën, evenals het in tweeën knippen van Bid. Op deze manier 

voorkomt G-CSF het "lek worden" van de mitochondriën en de inductie van de enzymatische 

activiteit van caspase-8, -9 en -3, verschijnselen die waargenomen worden bij spontane 

apoptose. Deze resultaten ondersteunen het idee van een geïntegreerde rol van de 

mitochondriën in de inductie en/of de amplificatie van caspase-activiteit en bevestigen de 

eerdere waarnemingen (zie Hoofdstuk II) dat G-CSF in het apoptoseproces ingrijpt door de 

Bid/Bax translocatie en daarmee de caspase-activatie te remmen. 

Verhoogde apoptose als mogelijke oorzaak van neutropenic in patiënten met glycogeen-

stapelingsziekte type lb (GSDlb) wordt beschreven in Hoofdstuk VII. Neutropenic en/of 

neutrofielendysfunctie samen met hepatomegalie, groeivertraging, osteopenie en vergroting 

van de nieren worden karakteristiek bij patiënten met GSDlb gezien. De circulerende 

neutrofielen bij deze patiënten vertonen enkele kenmerken van apoptose, zoals toegenomen 

Annexine-V binding en toegenomen caspase-activiteit. De huidige kennis omtrent 

neutrofielenapoptose en de bijbehorende functionele achteruitgang van deze cellen suggereert 

dat GSDlb neutrofielen dysfunctioneel zijn omdat ze apoptotisch zijn. In tegenstelling tot 

GSDlb laten neutrofielen van patiënten met het syndroom van Barth (BTHS) verhoogde 

Annexine-V binding zien bij afwezigheid van enig ander apoptotisch kenmerk (Hoofdstuk 

VIII). Barth's syndroom is een zeldzame, X-chromosoom-gebonden ziekte gekarakteriseerd 

door een triade van gedilateerde cardiomyopathie, myopathic van skeletspieren en 

neutropenic BTHS neutrofielen zijn functioneel intact en worden niet gefagocyteerd door 

macrofagen, wat vervroegd wegvangen als oorzaak van de neutropenic uitsluit. BTHS is 

geassocieerd met een defect in het cardiolipinemetabolisme. Cardiolipine is een belangrijke 

component van het binnenmembraan van de mitochondriën, noodzakelijk voor het normaal 
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functioneren van het mitochondriale electronentransport en het mitochondriale 

energiemetabolisme, alsook voor de associatie van Bax met de mitochondriën tijdens 

apoptose. Ondanks een sterk verminderde concentratie van cardiolipine in BTHS neutrofielen 

ondergaan deze cellen tijdens kweek nog steeds Bax relocalisatie en apoptose. De 

verminderde concentratie van cardiolipine in BTHS cellen leidt dus niet noodzakelijkerwijs 

tot een veranderde apoptotisch gedrag van BTHS neutrofielen. Dit suggereert dat 

neutrofielenapoptose niet afhangt van deze factoren. Deze resultaten, samen met de gegevens 

vermeld in Hoofdstuk III, leiden ook tot de conclusie dat Annexine-V binding niet altijd een 

indicator van apoptose hoeft te zijn. Een accurate inschatting van apoptose moet dus 

gebaseerd zijn op gegevens verkregen met diverse verschillende methoden. Tenslotte bevat 

Hoofdstuk IX een algemene discussie over een aantal actuele, intrigerende vragen in relatie 

tot het beschreven onderzoek. 
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H.A. MaflHCKHH 

KjieTOHHaa rHÖejib HCHTPOCJHLIOB: 

Mcxatiii3Mbi H peryjiHUHH 

AMCCEPTAUHÜ 

Ha coHCKaHHe cTeneHH floicropa 
B yHHBepCHTeTe AMCTep/iaMa 

OaKyjibTeT MCzniUHHbi 
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Pe3Kwe 

HacToamaa ^HCcepTauHa nocBameHa HCCJieaoBaHHio MexaHH3MOB H peryjumHH KJICTOHHOH 

rHÖejiH HeHTpo4)HJioB. TjiaBa I coaep»HT o6mee BBeaeHHe B KOHuenuHio anonT03a H 

.iieTajibHO oöcy^KjiaeT coBpeMeHHyio jiHTepaTypy, nocBjnueHHyio anorrro3y HeHTpo(J)HJioB. Bo 

II-oii rjiaBe onHCbmaiOTca KJieTOHHbie H3MeHeHH5i, cBJoaHHbie c anorrro30M HeHTpocJwjioB H 

ero 3aaep^cKofi, Bbi3BaHHOH rpaHyjiouHTapHbiM KOJioHHecTHMyjiHpyioinHM <J>aKTOpoM (T-

KCO). CnoHTaHHbifi anonT03 HCHTPO(J)HIIOB conpoBoac^aeTCfl nepepacnpenejieHHeM 

npoanonT03Horo 6ejiKa Bax H3 HHTO30JI5I K MHTOXOHZUDHJIM, arperauHen MHTOXOHAPHH H 

aKTHBauHefi Kacna3bi-3. T-KCO oTcpoHHBacr anonT03 HCHTPO^HJIOB H npeaoTBpamaeT 

nepenHCJieHHbie peaKHHH npH ynacTHH de novo CHHTe3HpoBaHHbix Me/WTopoB. 3TH aaHHbie 

VKa3bIBaK)T Ha TO, HTO MHTOXOHflpHH HCHTpO(J)HJIOB Moryr HipaTb pOJIb B anonT03HOH 

nporpaMMe, a T-KCO ÖJiOKHpyeT STOT MHT0X0H,apHajibH0-3aBHCHMbiH MexaHH3M anonT03a. 

B rjiaBe III oxapaKTepH30Ban Kacna30-He3aBHCHMbiH MexaHH3M KJICTOHHOH rnöejiH 

HeHTpo(J)HJTOB. KaK öbijio noKa3ano B rjiaBe II, HHraÖHpOBaHHe Kacna3 ÖJiOKHpycr 

cnoHTaHHbra anonT03 HeHTpo(J)HJiOB. OaHaKO aaace B ycjiOBHflx nojiHoro yrHereHHJi 

aKTHBHOCTH Kacna3 (B03^eHCTBHe HHrnÖHTOpoM Kacna3 niHpoKoro cneKTpa zVAD-fmk) 

CTHMyjwuHJi TyMopoHeKpoTHiecKHM (JmKTopoM a (THO-a) BbBbiBaeT «HeKJiaccHHecKyio» 

4>opMy KJICTOHHOH rnöejiH, KOTopaa no p*my npH3HaKOB OTJiHHaercfl OT «KjiaccHnecKoro» 

(Kacna30-3aBHCHMoro) cnoHTaHHoro anonT03a HJIH anonT03a, HH/xyuHpoBaHHoro TOJIBKO 

THO-a. 3TOT THn KJICTOHHOH rnöejiH He Ha6jiiojjaeTCJi B mnromiacTax HCHTPOIJWJIOB, 

JIHUieHHblX MHTOXOHflpHH, a B HHTaKTHbEX HeHTpO(j)HJiaX npeflOTBpamaeTCfl yTHJIH3aTOpaMH 

aKTHBHblX 4>OpM KHCJIOpOfla H CneHH(^HHeCKHMH HHTHÓHTOpaMH MHTOXOHflpHaJIbHOrO 

AbixaHHH. TaKHM o6pa30M, THO-a-HHJxyHHpoBaHHbiH, Kacna30-He3aBHCHMbiH nyn. 

KJICTOHHOH THÖeJIH HCHTpO(f)HJIOB 3aBHCHT OT aKTHBHblX (J)OpM KHCJIOpOfla 

MHToxoHflpnajibHoro npoHCxoaqieHHa. KpoMe Toro, 3TOT MexaHH3M Tpe6yeT 

BHyrpHMHTOxoHapHajibHOH cepHHOBOH npoTea3HOH aKTHBHOCTH npoanonT03Horo 4>aKTopa 

MHTOxoHapHH Omi/HtrA2 (rjiaBa IV). /JaHHoe 3aKJiioHeHHe ocHOBano Ha TOM, HTO 

cnenH^HHecKHH HHrnÓHTop npoTea3HOH aKTHBHOCTH Omi/HtrA2 - ucf-101 - ÖJiOKHpyeT 

THO-a+zVAD-fink-3aBHCHMyio rnöejib HefiTpo^HJioB, HaxojiHCb npH STOM BHyrpH 

MHTOXOHflpHH. 
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r.uiBa V nocBHmeHa /leTanbHOMy H3yHeHHK> 4)yHKiiHH MHTOXOHAPHH B HeHTpocJwjiax. B 

ixpyrax THnax KJICTOK STH opraHejiJibi H3BecTHbi TeM, HTO coneraiOT ynacrae B KJICTOHHOM 

MeTa6ojiH3Me H KJICTOHHOH raöejiH. OKa3ajioci>, HTO B Heinpo^Hjiax MHTOXOHJXPHH 

coxpaHaiOT npeHMymecTBeHHO npoanonT03Hyio pojib H npaKTHHecKH He ynacTByioT B 

5KH3Heo6ecneHeHHH KJICTOK. Ilpn HH/jyKUHH anonT03a KOMÖHHauHefi THO-a H 

üHKjioreKCHMHaa MHTOXOIWPHH HeHTpo4>HJioB BbwejwiOT B UHT030JIB psm npoanonro3Hbix 

öejiKOB, KOTopue cnocoöcTByioT aKTHBauHH Kacna3Horo KacKa^a. HopMajibHaa aKTHBauHH 

HHHunaTopHOH Kacna3bi-9 npn aefymwre UHTOxpoMa c B HeHTpo<J)Hjiax MoaceT 

cBH^eTejibCTBOBaTb o TOM, HTO BHyrpeHHHH MexaHH3M anonT03a B 3THX KJieTKax aeficTByeT 

HeOÖbIHHO. B CB5I3H C 3THM Ba)KHOe 3HaHCHHe npHOÖpeTaeT MaCCHBHblfi BblXOfl B U.HT030Jlb 

npn anonT03e HeHrpo(j)HjiOB flpyrax npoanonT03Hbix cocTaBJwioiiiHx MHTOXOHJTPHH, B 

nacTHOCTH Smac/DIABLO H Omi/HtrA2. B I.IUBC VI npoflOjraaeTCfl yroHHeHHe 

MexaHH3MOB aHTHanonT03Horo ACHCTBHH T-KCO. YcTaHOBjieHO, HTO STOT areHT ÓJioKHpyer 

MHToxoHflpHajibHyio TpaHCJioKauHio uHT030JibHbix ÖCJIKOB Bid H Bax (npoanonT03Hbix 

roMOJioroB Bcl-2) H pacmemieHHe Bid. B pe3yjibTaTe npeaynpeacflaeTca «yreHKa» 

MHTOxoHflpHajibHbix öejiKOB, a TaKace nocjieiiyioiirHH npoiieccHHr H yBejiHHeHHe 

(̂ epMeHTaTHBHOH aKTHBHOCTH Kacna3 8, 9 H 3, KOTopbie oöbiHHO conyrcTByioT cnoHTaHHOMy 

anonT03y. 3TH /xaHHbie noflTBepagiaiOT HHTerpHpyiomyio ponb MHTOXOHAPHH B HHflyKUHH 

H/HJIH aMnnH(f)HKauHH aKTHBHOCTH Kacna3 H no/TTBepayiaiOT HaniH npe^bmymne 

3aKJiK)HeHHH (CM. HiaBy II) o TOM, HTO T-KCO onocpeayeT aHTHanonT03Hbie stJx^eKTbi nepe3 

3aaep»cKy nepepacnpe^ejieHHH Bid/Bax H yrHeTeHHe aKTHBaiiHH Kacna3. 

B i.iaBc VII oöcyacflaeTca Bepojrraaa pojib npeacaeBpeMeHHoro anonT03a B naToreHe3e 

HefiTponeHHH y öojibHbix rnHKoreH030M THna lb (glycogen storage disease type lb, GSDlb). 

HefiTponeHHfl H/HJIH jjHC(J)yHKiiHa HeHTpo(J)HJioB BMecTe c renaTOMeranHeH, yBejinneHHeM 

noneK, ocTeoneHHefi H 3a^epacKOH pocTa HBJMIOTCJI xapaicrepHbiMH npH3HaKaMH 3Toro 

pe^Koro Bpo»/jeHHoro 3a6ojieBaHHfl. IJnpKyjinpyioiiiHe HeHTpocJwjibi 6ojibHbix 

o6Hapy>KHBaK)T p$m anonT03Hbix MapnepoB, BKJiioHaji noBbimeHHoe CBJBbreaHHe aHHeKCHHa-

V H yBejiHHeHHe Kacna3Hofi aKTHBHOCTH, a TaioKe conyrcTByiomee CHH>KeHHe 

4>yHKHHOHaJIbHOH aKTHBHOCTH. IiOJiyHeHHbie pe3yjIbTaTbI flaHDT B03M05KHOCTb 

npeanojioacHTb, HTO ae^eKT HCHTPO(|)HJIOB npn GSDlb CBJBaH c ycHJieHHeM HX anonT03a. B 

OTJiHHHe OT GSDlb, HeHTpocJjHJibi öojibHbix CHHapoMOM BapTa (peaKoe cuenjieHHoe c X-

xpoMOCOMofi 3a6ojieBaHHe c THHHHHOH TpnaaoH: flHJiaraHHOHHaa KapflHOMHonaraji, 

MHonaTHa cKeneTHbix Mbiuiu H HeHTponeHHJi) cBH3biBaiOT aHHeKCHH-V B oTcyrcTBHe apyrax 
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npH3HaK0B anoirro3a (rjiaBa VIII). OyHKUHH 3-THX HCHTPOCJMJIOB He HapymeHbi, H OHH He 

pacno3HaioTCH MaKpo(J)araMH, OTBepraa BepoHTHOCTb Toro, HTO paHHHH (J)arouHT03 H 

yaajieHHe HX H3 HHpKyjumHH cnyacaT npHHHHofi HeHTponeHHH. riaToreHe3 cHtmpoMa BapTa 

cB«3aH c fle4)eKTOM KapaHOJiHnHHa, Baaoioro KOMnoHeHTa BHyrpeHHeH MeMÖpaHbi 

MHTOXOHApHH, KOTOpblH TpeÓyeTCH W% HOpMaiIbHOrO TpaHCnOpTa 3-JieKTpOHOB B 

abixaTejibHOH HenH H 3HeprerHHecKoro oÖMeHa. ripeanojiaraeTca TaioKe, HTO npn pa3BHTHH 

anonT03a KapflHonnnHH MO ĉeT oÓJiernaTb «3aaKopHBaHHe» Bax Ha BHeuiHefi 

MHTOXOHflpHaJIbHOH MCMÖpaHC HeCMOTpH Ha Bbipa^KeHHblH fle^HHHT KapflHOJIHUHHa H 

HapyuieHHe ero aueTHJiHpOBaHHfl B HeÖTpo^HJiax npn CHnapoMe BapTa, 3TH KJICTKH no-

npe^HeMy aeMOHCTpHpyiOT nepepacnpeaejieHHe Bax npn cnoHTaHHOM anonT03e B 

cyroHHbix KyjibTypax. TaKHM oöpa30M, KOJiHHecTBeHHbifi H KanecTBeHHbiH fletJwuHT 

KapflHOJiHnHHa npn CHHflpOMe BapTa He cKa3biBaeTca Ha anonT03HOM npouecce B 

HeHTpo(J)HJiax, KOTopbifi, Bepojrrao, He 3aBHCHT OT 3Toro 6ejn<a. KpoMe TOTO, ara pe3ynbTaTbi 

(H aaHHbie, npeacTaBJieHHbie B rjiaBe III) npeanojiaraiOT, HTO noBbiuieimoe CBa3bmaHHe 

aHHeKCHHa-V He Bcerfla HBnaeTca cneACTBHeM anonT03a, H fljia TOHHOH OHeHKH anonT03a 

uejiecoo6pa3HO Hcnojib30BaTb HecKOJibKO MCTOAOB ero perHCTpauHH. 

B rjiaBe IX npHBoaHTca oömee o6cy>KfleHHe nonynenHbix pe3yjibTaTOB H HeKOTOpbix 

HHTpHryiOHlHX BOnpOCOB, CBH3aHHbIX C OnHCaHHOH paÖOTOH. 
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