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Abstract 
Neutrophils, the most abundant phagocytes of the human immune system, have a very short life span, after which they 

are rapidly cleared by constitutive, spontaneous, apoptosis. The Bcl-2 family of proteins plays an important role in the 

regulation of neutrophil apoptosis. Thus far, the anti-apoptotic family member Mcl-1 has received most attention in 

the context of neutrophil apoptosis. Another anti-apoptotic member, Bfl-1, has only been studied at the mRNA level in 

neutrophils. In this study, we found that the mRNA level of Bfl-1 is constitutively high in neutrophils and can be 

further elevated by the anti-apoptotic growth factor G-CSF. At the protein level, Bfl-1 expression was restricted to the 

later stages of neutrophil apoptosis and was exclusively found in a fraction that contained both the endoplasmic 

reticulum (ER) and the mitochondria. Bfl-1 protein expression was triggered during early apoptotis in neutrophils and 

was maintained by calpain inhibition. Although Bfl-1 expression neither prevented the translocation of pro-apoptotic 

Bax to the mitochondria nor the release of pro-apoptotic factors from the mitochondria, Bfl-1 stabilization was 

associated with prolonged survival. In sum, the roles that various Bcl-2 family members play during neutrophil 

apoptosis are determined by their temporal and spatial localization. Bfl-1 is only present during the later stages of this 

process and, therefore, is not expected to prevent the initiation of the process. 

 

Introduction 

Neutrophils, the most abundant phagocytes of the human immune system, have a very short life span, after which they 

undergo spontaneous apoptosis. The B-cell leukemia (Bcl)-2 family of proteins plays an important role in the 

regulation of neutrophil apoptosis 1-4. This family can be divided into three groups, based on their structural and 

functional similarities. The anti-apoptotic subgroup (including Bcl-2, myeloid cell leukemia (Mcl)-1, Bfl-1/A1, Bcl-

xL and Bcl-w) counteracts mitochondrial outer-membrane permeabilization (MOMP) by their pro-apoptotic 

counterparts. The pro-apoptotic members comprise two subgroups: Bcl-2 effector proteins (including Bax, Bak and 

Bok) and Bcl-2 homology domain 3 (BH3)-only proteins (such as Bad, Bid, Bim, Noxa and Puma) 5. After activation 

or release from their anti-apoptotic counterparts, the BH3-only proteins interact with the Bcl-2 effector proteins 6. The 

resulting complex can form supramolecular pores in the mitochondrial outer membrane 7-9. This results in the release 

of pro-apoptotic proteins from the mitochondrial inter-membrane space, such as cytochrome c, Smac and Omi 10;11. As 

a consequence, the cell undergoes apoptosis. 

Interestingly, Bcl-2 family members do not only localize to the mitochondrial outer membrane, but also in the 

endoplasmic reticulum (ER) membrane, in fresh as well as in apoptotic cells. In particular, the pro-apoptotic family 

members Bax and Bak as well as the anti-apoptotic family members Bcl-2 and Bcl-X-L have been shown to influence 

the ER-Ca2+ stores 12-16. Bcl-2 family members have been shown to associate with inositol triphosphate receptors 

(IP3Rs) on the ER membrane to regulate their ability to release Ca2+ from the ER into the cytosol, as well as with the 

ER Ca2+-ATPase pump (SERCA) to regulate its ability to transfer cytosolic Ca2+ to the ER lumen 13;16;17.  

An important aspect of apoptosis that has recently become apparent is the interaction between the ER and 

mitochondria 18;19. In resting, healthy cells, mitochondria form a dynamic network that undergoes constant fission and 

fusion and is tightly associated with the ER 20. In essence, the mitochondrial network, with its negatively charged 

matrix, forms a deposit for Ca2+, which constantly leaks from the ER. As long as the network is intact, mitochondrial 

membrane potential (∆ψm) is maintained, and ER and mitochondria can interact; the Ca2+ stress on the cell is kept at a 

minimum. However, when Bax translocation to the mitochondria promotes mitochondrial fission during the early 
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stages of apoptosis, and initial caspase-3 activation leads to a loss of ∆ψm, Ca2+ stress increases exponentially, and 

amplification of the process of apoptosis finally leads to the execution of cell death 15;21-25.  

A vitally important factor in the recruitment of fresh neutrophils from the bone marrow is granulocyte-colony 

stimulating factor (G-CSF). G-CSF has also been shown to delay apoptosis of mature neutrophils, both in vivo and in 

vitro 26-30. Previously, we have demonstrated that the pro-survival effect of G-CSF is mainly due to inhibition of 

calpain activation 30. During neutrophil apoptosis, intracellular Ca2+ levels rise gradually, leading to the activation of 

calpains, a family of Ca2+-dependent cysteine proteases 30-33. Calpains degrade the X-linked inhibitor of apoptosis 

(XIAP), leading to enhanced caspase-3 activation. G-CSF inhibits this rise in intracellular Ca2+, XIAP degradation and 

caspase-3 activation, and thus inhibits neutrophil apoptosis 30. 

Previously, the anti-apoptotic Bcl-2 family member Mcl-1 has been implicated as a major player in 

granulocyte macrophage-colony stimulating factor (GM-CSF)-inhibited neutrophil apoptosis 2;4;34. During 

spontaneous neutrophil apoptosis Mcl-1 is constantly and highly expressed at the mRNA level. However, at the initial 

stages of neutrophil apoptosis, the protein appears to be degraded by the proteasome at an even faster rate than the 

mRNA is translated, a process that is delayed by GM-CSF 4. Thus, it appears that when the intracellular balance is 

tipped from pro-survival factors (such as Mcl-1) to pro-apoptotic factors (such as Bax), the cells become apoptotic. 

In this study, the dynamics of the expression of several Bcl-2 family members in neutrophils during 18 hours 

in the absence or presence of G-CSF were investigated. We show that G-CSF mainly promotes the mRNA expression 

and protein stability of the anti-apoptotic Bcl-2 family member Bfl-1. However, the Bfl-1 protein is only temporarily 

expressed in mitochondria-ER double-positive fractions where it co-localizes with Bax as it translocates to this same 

fraction during apoptosis. In G-CSF-treated cells, Bfl-1 persists in this fraction and apoptosis is delayed, while in 

control cells, undergoing spontaneous cell death, Bfl-1 is degraded in a calpain-dependent manner and the cells 

become apoptotic.  

 

Results 

G-CSF induces Bfl-1 expression 

To assess gene expression changes in neutrophils during apoptosis, mRNA samples were collected from unstimulated 

and in vitro G-CSF-stimulated neutrophils at 0, 6, 12 and 18 hours and analyzed by RT-MLPA 35;36. At 24 hours, the 

quality of the mRNA samples obtained was insufficient for reliable quantification (not shown). No detectable 

expression was found of the transcripts for the anti-apoptotic Bcl-2 family members Bcl-2, Bcl-w and Bcl-G or the 

BH3-only protein Harakiri (not shown). The absence of mRNA from these genes in our samples indicates that our cell 

preparations were not contaminated with significant numbers of monocytes or lymphocytes, since these cells do 

express the afore mentioned genes 2;36.   

Both the anti-apoptotic genes Mcl-1 and Bfl-1 were found to be highly expressed at the mRNA level in 

neutrophils (Figure 1). Of these transcripts, only Bfl-1 expression was significantly induced by G-CSF at all 

investigated time points, relative to the control. Of the pro-apoptotic Bcl-2 family members, G-CSF only reduced the 

expression of Noxa and Bax. Expression of the other pro-apoptotic Bcl-2 family members, such as Bid, was mostly 

unaffected by G-CSF (Figure 1). Expression of all genes was compared to β2-microglobulin (B2M), which was stably 

expressed during incubation in all samples. 
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Expression of the inhibitor of apoptosis proteins (IAPs, including XIAP, IAP1 [cIAP2] and Apollon [Bruce]) 

was unaffected by G-CSF (Supplementary Figure S1), while no mRNA expression of IAP2 (cIAP1) was detected 

(not shown). In addition, G-CSF transiently induced mRNA expression of the endogenous caspase-8 inhibitor, 

cellular FLICE-like inhibitory protein (c-FLIP). However, in a previous study we detected no delay in caspase-8 

activation in G-CSF-treated cells 30. 

 

Bfl-1 protein expression is transiently induced in neutrophils and stabilized by G-CSF 

Since G-CSF delays neutrophil apoptosis and, of the anti-apoptotic genes, only increases the mRNA expression of 

Bfl-1, we decided to focus our study on this protein. To assess Bfl-1 protein expression as well as spatial and 

temporal localization of this protein in neutrophils, sub-cellular fractions were prepared at several time points and 

were analyzed on Western blot (Figure 2A and B). Apoptosis was monitored in parallel by Annexin-V staining on 

the flow cytometer (Figure 2C). Bfl-1 expression was exclusively found in the membrane fraction, containing both 

mitochondria and ER, as indicated by the presence of the mitochondrial marker MnSOD and the ER marker 

Calnexin. In fresh cells (0h), Bfl-1 expression was hardly detectable in any fraction or in total cell lysates (not 

shown), but the protein was readily detected after 8 hours of incubation and remained present at 12 hours. However, 

in the control cells, the protein had completely disappeared at 24 hours, while it remained present in the G-CSF-

treated cells. Bax translocation to the membranes and Smac release from the mitochondria were not significantly 

affected by G-CSF, both peaking after 12 hours (Figure 2B).  Interestingly, when the ratio of Calnexin (ER) over 

MnSOD (mitochondria) was analyzed in the membrane fraction, it became clear that the amount of ER that was co-

purified with mitochondria gradually reduced over time in the control cells. In G-CSF-treated cells the ratio slightly 

increased at the early time points, while it remained relatively high after 24 hours of incubation (Figure 2B). This 

change in ratio was also found when Calreticulin, another well known ER-marker, was evaluated (not shown). In 

addition, the Calnexin/MnSOD-ratio did not change in total lysates of the cells (not shown), indicating that Calnexin 

was not simply degraded during apoptosis.    

Figure 1. Alterations in gene expression of Bcl-2 family 
members during spontaneous and G-CSF-delayed neu-
trophil apoptosis. Neutrophils were incubated in the pres-
ence (grey lines, triangles) or absence (black lines, squares) 
of G-CSF (10 ng/mL), and mRNA was isolated every 6 hours 
for up to 18 hours. Expression of Bcl-2 family members and 
control genes was determined by MLPA analysis. Values 
were normalized for β2-microglobulin (B2M) expression, 
which was found to be high and stable in both control and G-
CSF-treated cells throughout the experiment. Values repre-
sent the average (± SEM) of five independent experiments 
performed in duplicate. Statistical significance between con-
trol and G-CSF-treated samples was determined by Wilcoxon 
signed rank test. * p<0.05, ** p<0.01. If no significance is 
indicated, no significant differences were observed. 
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Inhibition of both calpains and caspases prevents the loss of Bfl-1 expression 

Previously, calpain-dependent degradation of Bfl-1 has been described to turn this anti-apoptotic protein into a pro-

apoptotic BH3-only protein by cleaving off the BH1 and BH2 domain 37. Since we previously found that G-CSF 

inhibits constitutive calpain activation during neutrophil apoptosis 30, we wondered whether the loss of endogenous 

Bfl-1 expression in the membranes during neutrophil apoptosis was calpain dependent.  

Neutrophils were incubated for 8 or 24 hours in the presence of G-CSF, the specific Calpain Inhibitor III 

(CI3), the proteasome inhibitor MG132, the pan-caspase inhibitor z-VAD-fmk (zVAD) or the calcium chelator 

BAPTA. MG132 has been shown to stabilize the anti-apoptotic factor Mcl-1 4, while BAPTA prevents neutrophil 

apoptosis by chelating intracellular free Ca2+ 30. Sub-cellular fractions were prepared after 24 hours and analyzed on 

Western blot (Figure 3A). Only G-CSF, CI3 and zVAD prevented loss of Bfl-1 expression, while MG132 and BAPTA 

had no effect (Figure 3B). Bax translocation was comparably increased in all samples, while the amount of Smac in 

 

Figure 2. Bfl-1 is temporarily expressed in control cells during apoptosis, but its expression is maintained in G-CSF-
treated cells. Neutrophils were incubated in the presence (grey lines, triangles) or absence (black lines, squares) of G-CSF (10 
ng/mL), and sub-cellular fractions were prepared at the indicated times. (A) Representative Western blots of the cytosolic and 
membrane (both ER and mitochodnria) fractions of control and G-CSF-treated cells. (B) Analyses of the Western blots, as per-
formed on the Odyssey infrared scanner. All values represent the average (± SEM) of at least three independent experiments. 
Values for Bfl-1 represent the relative signal in the membrane fraction normalized for MnSOD, since no Bfl-1 signal was de-
tected in the cytosol. Values for Bax and Smac were calculated by dividing the signal in the membrane and cytosol fractions, 
respectively, by the total signal of both fractions. The ER/mitochondria ratio was calculated by dividing the Calnexin (CNX) 
signal by the MnSOD signal. All values were normalized for the control at 0 hours. (C) Survival curves of the cells during cul-
ture as determined by Annexin-V staining on a flow cytometer. Statistical significance between control and G-CSF treated sam-
ples was determined by paired, one tailed student’s t-test. * p<0.05. 
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the cytosol was significantly increased in the MG132-treated cells and decreased in the zVAD-treated cells. Since 

Smac is degraded by the proteasome after removing XIAP inhibition from caspase-9 and -3, the effect of the 

proteasome inhibitor is not surprising 38. In fresh cells, the ratio of ER/mitochondria in the membrane fractions was 

high, as indicated by the Calnexin/MnSOD ratio (Figure 3B). In all samples in which Bfl-1 expression was 

maintained, this ratio remained high during overnight culture, while in the other samples the ratio was severely 

reduced due to a loss of the Calnexin signal. All of the inhibitors significantly delayed neutrophil apoptosis, as 

indicated by Annexin-V staining (Figure 3C) and nuclear morphology (not shown). 

Figure 3. Both calpain and caspase activities promote the loss of Bfl-1. Neutrophils were incubated for 24 hours in the ab-
sence or presence of G-CSF (10 ng/mL), calpain inhibitor 3 (CI3, 20 µM), the proteasome inhibitor MG312 (50 µM), the pan-
caspase inhibitor zVAD-fmk (zVAD, 20 µM) or the Ca2+ chelator BAPTA-AM (10 µM). Afterwards, sub-cellular fractions 
were prepared and analyzed on Western blot. (A) Representative Western blot of both fractions, showing Bfl-1 expression in 
the membrane fraction that contains both mitochondria (MnSOD) and ER (Calnexin). Smac is released from the mitochondria 
into the cytosol, whereas Bax translocates from the cytosol to the mitochondria/ER. (B) Analyses of the Western blots, as per-
formed on the Odyssey infrared scanner. All values represent the average (± SEM) of at least three independent experiments. 
Values for Bfl-1 represent the relative signal in the membranes fraction normalized for MnSOD, since no Bfl-1 signal was de-
tected in the cytosol. Values for Bax and Smac were calculated by dividing the signal in the membrane and cytosol fractions, 
respectively, by the total signal of both fractions. The ER/mitochondria ratio was calculated by dividing the Calnexin (CNX) 
signal by the MnSOD signal. All values were normalized for the control at 0 hours. (C) Neutrophil survival as determined by 
Annexin-V staining on the flow cytometer. Cells were analyzed after 8 (black bars) and 24 (white bars) hours. All inhibitors 
significantly delay neutrophil apoptosis, as compared to the control. Values represent the average (± SEM) of at least three 
independent experiments, performed in duplicate. Statistical significance between control and inhibitor-treated samples was 
determined by paired, one-tailed student’s t-test. * p<0.05, ** p<0.01. 
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Caspase inhibition prevents the loss of mitochondrial membrane potential during neutrophil apoptosis 

Even though neutrophils hardly utilize their mitochondria for ATP production, they do maintain mitochondrial 

membrane potential (∆ψm), which is lost during apoptosis 11;30;39. ∆ψm was assessed in neutrophils by flow cytometry 

with the ∆ψm indicator JC-1. This dye forms red fluorescent aggregates in fully charged mitochondria but becomes 

green fluorescent when ∆ψm is lost and the dye is dispersed (Figure 4A). The fluorescent ratio PE-Texas Red/FITC 

thus gives an indication of the ∆ψm. In control experiments, in which the cells where double labeled with TMRM, an 

alternative ∆ψm indicator, and FITC-labeled Annexin V, all cells in the population with low ∆ψm were found to be 

Annexin-V positive, whereas cells in the populations with high ∆ψm were found to be Annexin-V negative (not 

shown). Even though CI3 and MG132, as well as G-CSF, prevented the early reduction in ∆ψm at 8 hours, only G-

CSF, zVAD and BAPTA-treated cells maintained a higher ∆ψm than the control cells after 24 hours (Figure 4B). This 

indicates that caspase activity as well as elevated intracellular free Ca2+ is required for the observed loss of ∆ψm, and 

that Bfl-1 expression does not affect this aspect of neutrophil apoptosis. 

Bfl-1 expression on ER/mitochondria is induced by caspase activity and reduced by calpain activity    

We previously developed a method to analyze neutrophil-derived intact organelles by flow cytometry 39. Here, we 

applied the same method to localize Bfl-1 expression on neutrophil-derived organelles. 

 Fresh neutrophils were fractionated and, after incubation, the purified organelles were analyzed by flow 

cytometry after staining with Mitotracker Green, ER-tracker Red and immuno-labeling for the indicated proteins. A 

substantial portion of the organelles was found to be double-positive for ER-tracker Red and Mitotracker Green 

(Figure 5A). The same fraction was also found to be positive for Calnexin, which confirms the presence of ER in this 

fraction. Bfl-1 expression was exclusively found in the ER/Mitochondria double-positive fraction. Although the 

protein expression of Bfl-1 was very low in fresh cells, and well neigh undetectable on Western blot, the expression 

 

Figure 4. Caspase inhibition prevents loss of ∆ψm in the later stages of apoptosis, 
calpain inhibition only in the early stages. Neutrophils were incubated for up to 24 
hours in the absence or presence of G-CSF (10 ng/mL), calpain inhibitor 3 (CI3, 20 
µM), the proteasome inhibitor MG312 (50 µM), the pan-caspase inhibitor zVAD-fmk 
(zVAD, 20 µM) or the Ca2+ chelator BAPTA-AM (10 µM). ∆ψm was determined by 
JC-1 staining on the flow cytometer after 8 (black bars) and 24 (white bars) hours. (A)  
∆ψm, as determined in the neutrophil population, is lost during apoptosis. The relative 
ratio of the PE-Texas Red signal over the FITC signal gives a reliable indication of 
∆ψm. (B) Bar graph of the relative ∆ψm, as compared to fresh control cells (C- 0h). G-
CSF, CI3 and MG132 significantly delay the loss of ∆ψm during the early stages of 
apoptosis, but only G-CSF zVAD and BAPTA prevent the loss of ∆ψm in the later 
stages. All values represent the average (± SEM) of at least three independent experi-
ments. Statistical significance between control and inhibitor-treated samples was deter-
mined by paired, one-tailed student’s t-test. * p<0.05, ** p<0.01. 
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level was sufficiently high to allow analysis by flow cytometry. By incubating the organelles in cytosol in the 

presence of cytochrome c-activated caspases (CC) 40 for 1 hour, expression of both Bax and Bfl-1 on the ER/

mitochondria containing particles was induced (Figures 5A and B). Addition of caspase-8-truncated Bid (tBid), to 

mimic early apoptosis, also induced Bax and Bfl-1 expression on these particles, but not significantly (Figure 5B). 

Although the addition of 1 µM free Ca2+, similar to the Ca2+ levels found in apoptotic neutrophils and sufficient to 

induce calpain activation (Figure 5C), did induce a certain amount of Bax expression, Bfl-1 expression was severely 

reduced on the ER/mitochondria-containing particles under these conditions (Figure 5B). The addition of Ca2+ also 

enhanced the activation of caspase-3 (Figure 5C), as expected when calpains degrade the caspase-3-inhibitor XIAP. 

The combination of activated caspases and Ca2+, as normally found in apoptotic neutrophils, slightly reduced the Bfl-

1 expression levels, but not significantly below the levels found on untreated particles. Thus, it appears that early 

apoptotic stress induces Bfl-1 expression on the ER/mitochondria, while this expression is lost again when Ca2+ 

levels in the cell rise and calpains are activated. 
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Both G-CSF and zVAD prevent the rise in intracellular free Ca2+ during overnight culture 

Since calpain activity appears to be responsible for the degradation of Bfl-1 during neutrophil apoptosis, while the 

caspase inhibitor zVAD nevertheless prevents the loss of Bfl-1 as demonstrated in Figure 3, we tested the theory that 

caspases may be responsible for the rise in intracellular free Ca2+ as previously observed during neutrophil apoptosis 
30. 

 Neutrophils where incubated for 24 hours in the presence of the indicated inhibitors, and intracellular free 

Ca2+ levels were determined by loading the cells with a combination of the Ca2+-indicators Fluo 4 and Fura Red and 

analyzing the signal by flow cytometry after overnight incubation. The ratiometric method of using two Ca2+-

indicators simultaneously has been shown to yield a more accurate result than single fluorescence detection 41. 

 During overnight incubation in a Ca2+ containing medium, the fluorescent ratio of Fluo 4 over Fura Red 

increased significantly (Figure 6), indicating a strong increase in intracellular free Ca2+. G-CSF dramatically reduced 

this increase, and a similar effect was seen in cells treated with zVAD. Cells treated with the calpain inhibitor CI3 

displayed no significant reduction in intracellular free Ca2+, consistent with the idea that the influx of extracellular 

Ca2+ occurs upstream of calpain activation. The results from previous experiments suggested that the effect of G-CSF 

depended on de novo protein synthesis 30. Addition of the protein synthesis inhibitor cycloheximide (CHX) 

significantly increased the overnight Ca2+ influx, while G-CSF had no effect on the Ca2+ levels when added in 

Figure 5. Calpains, but not caspases, are responsible for the loss of Bfl-1 on ER/mitochondria. Neutrophils were fraction-
ated, the organelles incubated in the presence of cytosol with the indicated stimuli, stained with mitotracker green and ER-
tracker red, immuno-labeled for Bax and Bfl-1 and analyzed by flow cytometry. (A) A significant proportion of the neutrophil-
derived particles stains double-positive for both mitotracker green and ER-tracker red. This double-positive fraction also stains 
positive for Calnexin (blue), further proving the presence of ER. Bfl-1 staining is exclusively found in this population (yellow). 
Bax expression on these particles, as well as Bfl-1 expression, increases after activating caspases in the cytosol by the addition of 
cytochrome c and dATP. All plots are representative of at least three independent experiments. (B) Bar graphs of the relative 
expression of Bfl-1 and Bax on the ER/mitochondira double-positive particles, after treating the particles in cytosol with either 
truncated Bid (tBid), cytochrome c and dATP (CC), 1 µM Ca2+ (High Ca2+) or a combination of the latter two stimuli for 1h. All 
values represent the average (± SEM) of at least three independent experiments. Statistical significance between control and in-
hibitor-treated samples was determined by paired, one-tailed student’s t-test. * p<0.05. (C) Control plots showing the activation 
of calpains after addition of Ca2+ and the activation of caspase-3 after addition of CC, as determined in the high-speed super-
natants after the experiment.  

Figure 6. Caspase activity triggers the increase in intracellular free Ca2+, as observed 
during neutrophil apoptosis. Neutrophils were incubated for 24 hours in the absence or 
presence of G-CSF (10 ng/mL), cycloheximide (CHX, 10 µg/mL), the combination of G-
CSF and CHX, calpain inhibitor 3 (CI3, 20 µM) or the pan-caspase inhibitor zVAD-fmk 
(zVAD, 20 µM). Free cytosolic Ca2+ was determined by double labeling the cells with Fluo 
4 and Fura Red. The relative ratio of the Fluo 4 signal over the Fura Red signal, as deter-
mined by flow cytometry, yields a reliable measure for the intracellular free Ca2+ concentra-
tion. Only G-CSF and zVAD prevented the rise in free Ca2+ during overnight incubation, 
whereas the protein synthesis inhibitor CHX seemed to stimulate the influx of Ca2+. All val-
ues represent the average (± SEM) of three independent experiments. Statistical significance 
between control and inhibitor-treated samples was determined by paired, one-tailed stu-
dent’s t-test. ** p<0.01, n.s.: not significant. 
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 Discussion 

In the murine myeloblast cell line 32D clone 3 (32Dcl3), G-CSF has been shown to induce granulocytic differentia-

tion by increasing the mRNA expression of the anti-apoptotic Bcl-2 family member Bfl-1/A1 via activation of the 

transcription factor Wilm’s tumour gene 1 (WT1) 42;43. In this cell line, signal transduction of the G-CSF receptor 

occurred via the Janus kinase (Jak)/signal transducers and activators of transcription 3 (Stat3) pathway 44-46. In ma-

ture human neutrophils, an increase in the mRNA expression of Bfl-1 was also noted after treatment with G-CSF 47. 

In addition, the A1-a knockout mice display accelerated spontaneous neutrophil apoptosis 3, further stressing the im-

portance of A1/Bfl-1 for neutrophil survival. However, mice express three different A1 genes, whereas humans have 

only one. Human Bfl-1 has been described to sequester the pro-apoptotic truncated form of the Bcl-2 family member 

Bid, tBid 48, as well as to antagonize the Bax-like protein Bak 49. Although Bfl-1 clearly promotes survival, this abil-

ity has been shown to correlate only partially with its ability to bind to the pro-apoptotic Bcl-2 family members 50. In 

this study, we demonstrate for the first time the changes in both protein and mRNA expression of endogenous Bfl-1 

in primary human neutrophils.  

Since we found that the mRNA expression of Bfl-1 is high and rather constant and high in neutrophils, while 

the protein expression is critically regulated in both space and time, we conclude that overexpression systems can not 

give accurate information about the endogenous function of Bfl-1. After all, in an overexpressing cell line, Bfl-1 will 

be expressed continuously throughout the cell, while the endogenous protein is only expressed during the later stages 

of apoptosis in the mitochondria/ER compartment. As a consequence, it is unlikely that the endogenous protein acts 

to inhibit Bax translocation or scavenge truncated Bid in neutrophils, as has been suggested previously for other cell 

types 49;51. These results suggest that Bfl-1 expression is translationally controlled. Thus, the high levels of mRNA in 

neutrophils allow a rapid increase in Bfl-1 protein expression during neutrophil apoptosis. However, the Bfl-1 

mRNA 3’-untranslated region does not contain any known binding sites for mRNA-binding proteins. 

In healthy, resting, cells mitochondria form a dynamic network that undergoes constant fission and fusion 

and associates tightly with the ER. Bax translocation to this network triggers fission 20. In our current study, we show 

that Bfl-1 stabilization does not necessarily prevent Bax clustering at the mitochondria and Smac release. However, 

Bfl-1 expression at the ER/mitochondria does seem to delay the later stages of apoptosis and also correlates with a 

delay in the dissociation between mitochondria and ER. As long as the mitochondria maintain ∆ψm, they can be con-

sidered as buffer organelles that take up Ca2+ when it leaks from the ER 52. When mitochondria loose ∆ψm, they 

loose their buffering capacity as well, and Ca2+-stress within the cells increases exponentially, as illustrated in Figure 

7. For neutrophils, it appears that this ER/mitochondria association may be an essential element in the process of 

apoptosis. Even after Bax translocation has occurred and Smac has been released from the mitochondria, as long as 

the ER and mitochondria associate, the cells do not seem to progress towards full-blown apoptosis. Although the dis-

sociation of mitochondria and ER increases the Ca2+ stress on the cell, a sudden rise in intracellular Ca2+ can also 

cause this dissociation 22. However, as long as the mitochondrial outer membrane remains intact and Smac is not re-

leased, this does not have to result in apoptosis, since caspase activation does not occur. In fact, temporal dissociation 

of the mitochondria from the ER may protect the mitochondria from Ca2+ overload and rupture during, for example, 

cell activation. 

Neutrophil apoptosis appears to proceed in several stages. Initial activation of caspases or cathepsins 53 trig-
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gers Bax translocation to the mitochondria and ER. As a consequence of Bax translocation, Smac is released from 

the mitochondria. In addition, Bfl-1 expression is induced on the mitochondria/ER compartment by a pro-apoptotic 

stimulus, where it apparently remains after translation from mRNA in situ, since Bfl-1 protein was never detected in 

any other compartment of the cell. In BAPTA-treated cells, it appears that the process is inhibited at this stage, be-

fore the induction of Bfl-1 expression. As a consequence, Bfl-1 levels in BAPTA-treated cells stay low during over-

night incubation. The localization of Bfl-1 in the membrane fraction of neutrophils is remarkable, since Bfl-1 is the 

only Bcl-2 family member that does not have a transmembrane domain. This suggests that the protein is associated 

with another protein on the ER/mitochondria. Early caspase activation also results in the influx of extracellular Ca2+, 

probably preceded by the release of Ca2+ from the ER. At this stage of apoptosis, as long as the intracellular free Ca2+ 

concentration is controlled or calpain activation is prevented, the cell does not proceed towards apoptosis. Since cas-

pases are also responsible for the loss of ∆ψm during apoptosis 25, they essentially control the intracellular free Ca2+ 

levels by disabling the buffering capacity of the mitochondria. When the intracellular free Ca2+ concentration rises 

above a certain threshold level, calpains become activated. This will then result in the degradation of XIAP 39 as well 

as the loss of Bfl-1. As a consequence, caspase activation is accelerated and the pro-apoptotic signal is greatly ampli-

fied, as illustrated in Figure 7. 

Although the role of Bfl-1 in apoptosis 

is not entirely clear as yet, it seems to be impor-

tant in the later stages of apoptosis, just before 

the final execution of the process. By increasing 

the protein expression of Bfl-1 after an initial 

pro-apoptotic trigger, the cell seems to delay the 

final stage of apoptosis in response to an in-

crease in pro-apoptotic stress. G-CSF-

stimulated cells maintain Bfl-1 expression by 

inhibition of calpain activation, and thus suc-

cessfully delay their execution. Further research 

is required into the regulation of Bfl-1 transla-

tion during the early stages of neutrophil apop-

tosis. 

Figure 7. Three stages of neutrophil apoptosis.  
Stage 1: Fully charged mitochondria form a continuous, dynamic, network that associates with the ER. Limited Ca2+ leakage 
from the ER is dispersed in this network. Calpain activity is limited, caspases are not yet activated.  
Stage 2: Activation of initiator caspases leads to Bax activation and its translocation to the ER/mitochondria. As a result, the 
mitochondrial network undergoes fission and Smac is released. Local expression of Bfl-1 prevents further damage. Mitochon-
drial ∆ψm is maintained and Ca2+-stress on the cell is low. Calpain activity increases, executioner caspases are not yet active. 
Stimulation of the cells with G-CSF delays the progression from this stage to the final stage of apoptosis.  
Stage 3: Due to increased calpain activity, Bfl-1 is proteolytically degraded. The separated/fractionated mitochondria loose ∆ψm 
and start to dissociate from the ER. As a consequence, the ER-Ca2+-storage becomes depleted (high efflux through calcium chan-
nels), which leads to an influx of extracellular Ca2+, increasing Ca2+-stress on the cell and increased calpain activity. Finally, 
caspases-9 and -3 are also activated and the cell becomes apoptotic.  
Grey scale indicates increasing Ca2+-levels, dotted arrows indicate Ca2+-efflux from the ER. 
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Materials and methods 

Antibodies and reagents 
The rabbit polyclonal antibody against human Bfl-1 was a kind gift from Prof. J. Borst of the Netherlands Cancer Institute, Am-
sterdam, the Netherlands 51;54;55. Mouse anti-Smac/Diablo (#2954) was obtained from Cell Signaling Technology (Boston, MA, 
USA). Anti-MnSOD was obtained from Stressgen Biotechnologies (Victoria, BC, Canada). Rabbit and mouse (clone 6A7) anti-
human-Bax were obtained from BD Biosciences (Franklin Lakes, NJ, USA) and mouse anti-Calnexin (clone TO-5) was obtained 
from Sigma-Aldrich (St. Louis, MO, USA). 

 All chemical reagents were obtained from Merck Biosciences (Darmstadt, Germany), unless otherwise indicated. 
 
Cell preparation and culture 
Neutrophils were isolated from the heparinized blood of healthy individuals after informed consent had been acquired according 
to the Helsinki declaration, by centrifugation over isotonic Percoll (Pharmacia, Uppsala, Sweden) and subsequent lysis of eryth-
rocytes as described 56. Neutrophil preparations were typically >97% pure, with the contaminating cells being mostly eosino-
phils. Cells were cultured in Hepes-buffered saline solution (HBSS; 132 mM NaCl, 20 mM Hepes, 6 mM KCl, 1 mM MgSO4, 
1.2 mM K2HPO4, 1 mM CaCl2, pH 7.4) supplemented with 1% (v/v) human serum albumin (Cealb; Sanquin, Amsterdam, The 
Netherlands) and 5 mM glucose at a concentration of 5x106 cells/mL in polypropylene round-bottom tubes of 14 mL (BD Bio-
sciences, Franklin Lakes, NJ, USA). Incubations were performed in a shaking water bath at 37ºC. Cells were incubated in the 
presence of 10 ng/mL clinical grade G-CSF (Neupogen; Amgen, Breda, The Netherlands), where indicated. 
 
RNA preparation and MLPA 
Total cellular RNA was extracted from a minimum of 20 x 106 cells with TRIzol reagent (Invitrogen, Breda, The Netherlands) 
according to the protocol provided by manufacturer, with the following minor modifications. An additional phenol-chloroform 
extraction was performed and the isopropanol precipitation at -20°C was facilitated by the addition of 20 µg/mL glycogen 
(Roche, Almere, The Netherlands). 

 MLPA (multiplex ligation-dependent probe amplification)  was essentially performed as described 35, with the R011 
probeset (MRC-Holland, Amsterdam, The Netherlands). In brief, RNA samples (40–60 ng of total RNA) were first reverse tran-
scribed by means of a gene-specific probe mix. The resulting cDNA was annealed overnight at 60°C to the MLPA probes. An-
nealed oligonucleotides were covalently linked by Ligase-65 at 54°C (MRC-Holland, Amsterdam, The Netherlands). Ligation 
products were amplified by PCR (33 cycles, 30 s at 95°C; 30 s at 60°C; and 1 min at 72°C) via one unlabeled and one FAM-
labeled primer (10 pMol). After the PCR stage, aliquots of samples were mixed with Genescan-500 ROX size standards and run 
on an ABI 3100 capillary sequencer (Applied Biosystems, Warrington, UK) in Genescan mode. 

Data were analyzed with Genemapper v4.0 (ABI) and exported for further analysis with Microsoft Excel spreadsheet 
software. The sum of all peak data was set at 100% to normalize for fluctuations in total signal between samples. Gene expres-
sion levels were calculated relative to β2-microglobulin expression in all samples, which was set to 1. 
 
Cell fractionation and Western blot 
Sub-cellular fractions were prepared from 5x106 cells by washing the cells once in ice-cold phosphate-buffered saline (PBS) 
before resuspension in cytosol extraction buffer (250 mM sucrose, 70 mM KCl, 250 µg/mL digitonin, complete protease inhibi-
tor cocktail mix [PIM; Roche Diagnostics, Almere, The Netherlands] and 2 mM diisopropylfluorophosphate [DFP; Fluka 
Chemica, Steinheim, Switzerland] in PBS) at a concentration of 108 cells/mL. Cells were incubated for 15 min on ice, after 
which they were centrifuged for 5 min at 1000xg, 4ºC. The supernatant represented the cytosolic fraction; the pellet, containing 
both the mitochondria and most of the ER, was dissolved in mitochondrial lysis buffer (100 mM NaCl, 10 mM MgCl2, 2 mM 
EGTA, 2 mM EDTA, 1% (v/v) NP-40, 10% (v/v) glycerol [Sigma], PIM, 2 mM DFP in 50 mM TrisHCl buffer at pH 7.5) and 
was incubated for another 15 min on ice. After incubation, the samples were centrifuged at 10,000xg for 10 min at 4ºC. The su-
pernatant, containing the mitochondrial content and associated ER, represented the membrane fraction. The insoluble pellet was 
discarded. Both fractions were dissolved in Laemmli sample buffer (LSB; 50 mM TrisHCl, pH 6.8, 10% glycerol (v/v), 5 mM 
DTT [DL-dithiothreitol, Sigma-Aldrich], 1% 2-mercaptoethanol, 1% sodium dodecylsulphate (SDS) (w/v), 100 µg/mL 
bromephenol blue) and were boiled for 10 min at 95ºC. All samples were stored at -20ºC before subjection to SDS-
polyacrylamide gelelectrophoresis (SDS-PAGE). 
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Samples were run on 12%, 1.5 mm, polyacrylamide gels in a protean-3 mini system (Bio-Rad Laboratories, Veenen-
daal, The Netherlands). The equivalent of 1.5x106 cells was loaded in each lane. After electrophoresis, the proteins were trans-
ferred to polyvinyl difluoride membranes (Immobilon-FL; Millipore, Billerica, MA, USA), which were subsequently blocked for 
30 min in blocking buffer (5% non-fat dry milk (w/v) [Elk; Campina, Zaltbommel, The Netherlands] in Tris-buffered saline, 
0.1% Tween-20 (v/v) (TBST)). Blots were immuno-labeled with specific antibodies against the indicated proteins in blocking 
buffer containing 2 mM NaN3, overnight at 4ºC. After washing the blots in TBST, they were treated with IRDye-labeled secon-
dary antibodies directed against the primary antibodies (goat anti-rabbit-IgG IRDye 680 or goat anti-mouse-IgG IRDye 800CW; 
LI-COR Biosciences, Lincoln, NE, USA). Labeling was followed by another round of washing in TBST before detection of the 
specific signals on an Odyssey Infrared Imager (LI-COR). 
 
Flow cytometry 
To detect apoptosis, cells were labeled for 10 min on ice with fluorescein-isothiocyanate (FITC)-labeled Annexin V (Bender 
Med Systems, Vienna, Austria), diluted 1:500 in HBSS, supplemented with 2.5 mM CaCl2. Annexin-V labeling was followed by 
a single wash step with the same medium, whereupon the cells were resuspended in HBSS 2.5 mM CaCl2 and analyzed by flow 
cytometry on an LSRII flow cytometer (BD).  
 To detect changes in ∆ψm, the cells were loaded for 15 min at 37ºC with 0.5 µM JC-1 (Molecular Probes, Eugene, OR, 
USA) in HBSS, containing 1 µM tetraphenyl boron to facilitate entry of he dye into the cells, and were analyzed immediately by 
flow cytometry. To determine a background value for ∆ψm, cells were incubated with 1 µM CCCP (Calbiochem, La Jolla, CA, 
USA), which is sufficient to completely abrogate ∆ψm. Relative ∆ψm was calculated as a ratio of the fluorescent signal in the red 
(PE-Texas Red) channel over the green (FITC) channel. 
 
Preparation and analysis of neutrophil organelles 
Cells were resuspended at a concentration of 200*106/mL in mito buffer (0.2 mM EDTA, 0.25 mM sucrose, 10 mM Tris-HCl, 
pH 7.8) supplemented with a protease inhibitor mixture (PIM) of two Complete tablets per 50 mL (Roche Diagnostics, Almere, 
The Netherlands), 1 mM 4-(2-aminoethyl)-benzenesulfonyl-fluoride hydrochloride (Pefabloc SC, Roche) and 2 mM DFP. After 
the addition of 10 mM triethanolamine and 0.1 mg/mL digitonin the cells were incubated for 10 min on ice, homogenized by 50 
strokes in a pre-cooled glass-glass Dounce tissue homogenizer with the tight piston, and centrifuged at 700xg for 10 min at 4ºC. 
The supernatant was saved, the pellet resuspended in the same volume of mito buffer supplemented with 0.1 mg/mL digitonin, 
homogenized and centrifuged once again.  
 The combined supernatants, containing all organelles and the cytosol but not the nuclei and intact cells, were incubated 
in the presence of either 100 nM tBid (R&D Systems, Minneapolis, MN, USA), 25 µg/mL cytochrome c and 500 µM dATP 
(Sigma-Aldrich), 1 µM free Ca2+ as determined with the Bound and Determined program (v4.0) 57, or a combination of stimuli 
for 1 hour at 37ºC. 
 After 1 hour of incubation at 37°C, the organelles were separated from the cytosol by high speed centrifugation (HSC) 
at 15,000xg and resuspended in mitochondrial assay buffer (MAB; 120 mM KCl, 5 mM KH2PO4, 1 mM EDTA, 1 mM MgCl2, 3 
mM Hepes, pH 7.8, 1% (v/v) human serum albumin and 2 mM glycerolphosphate) containing 0.1 µM Mitotracker Green and 0.5 
µM ER-Tracker Red (BODIPY TR glibenclamide; Molecular Probes, Invitrogen, Carlsbad, CA, USA). After 30 min of incuba-
tion at 37ºC, the samples were again subjected to HSC, resuspended in MAB containing the primary antibodies (all diluted 
1:200), left on ice for 30 min, subjected to HSC, resuspended in MAB containing the secondary antibodies (goat-anti-mouse 
Alexa Fluor 405 and goat-anti-rabbit Alexa fluor 750; Molecular Probes), diluted 1:500 and incubated on ice for another 30 min. 
Finally, the samples were washed once in MAB and analyzed on an LSRII flow cytometer (BD Biosciences), equipped with 
FACSDiva software. To detect small particles, forward scatter (FSC) was set to 600 and side scatter (SSC) to 550. All gates and 
marker settings were based on unstained or single stained samples. For each sample 500,000 events were collected. 
 
Calpain and caspase assay 
Calpain and caspase-3 activities were determined in high speed supernatants, derived from the mitochondria and ER purifican-
tions. Samples were stored at 4ºC until use. Protease activity was determined by the addition of 100 µL of reaction buffer (10 
mM Hepes, pH 7.4, 20% glycerol, 5 mM DTT, and 50 µM fluorescent substrate for caspase-3 (Ac-IETD-AMC; Alexis Bio-
chemicals, Lausen, Switzerland) or Calpain Substrate II (Suc-LY-AMC; Calbiochem, Darmstadt, Germany) to detect calpain 
activity) to 20 µL of the sample. The fluorescence increase was measured in a SpectraFluo Plus spectrophotometer (Tecan, 
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Zürich, Switzerland) at an excitation wavelength of 380 nm and an emission wavelength of 460 nm during 1 hour of incubation 
at 37º at a kinetic interval of 30 seconds.  
 
Determination of cytosolic free Ca2+ 

Cytosolic free Ca2+ was determined by loading the cells with 1 µM of the Ca2+-indicator fluo-4 acetoxymethyl (AM) ester 
(Molecular Probes), which becomes fluorescent after binding free Ca2+, in combination with Fura Red AM (Molecular Probes), 
which looses fluorescence after binding free Ca2+, for 45 min at 37ºC. After loading, the cells were washed once in HBSS, resus-
pended in HBSS at a concentration of 5x106 cells/mL and incubated overnight in the presence of the indicated stimuli and inhibi-
tors. Afterwards, fluorescence was determined on an LSRII flow cytometer. The Fluo4 signal was collected in the Pacific Blue 
channel and the Fura Red signal in the Texas Red channel. The calculated ratio of the Fluo 4 signal over the Fura Red signal is 
indicative of the increase in free cytosolic Ca2+. All values were normalized for the fluorescent ratio found in a fresh control 
sample of the same donor. 
 
Statistical analysis and image processing  
Graphs were drawn and statistical analysis was performed with GraphPad Prism version 5.00 for Windows, (GraphPad Software, 
San Diego, CA, USA). The results are presented as the mean ± s.e.m., as indicated. Data were evaluated by paired, one-tailed 
student’s t-test or Wilcoxon signed rank test, where indicated. The criterion for significance was P < 0.05 for all comparisons. 
Images were processed in Adobe Photoshop CS (Adobe Systems Inc., San Jose, CA, USA) and CorelDRAW 11 (Corel Corpora-
tion, Ottawa, Ontario, Canada). 
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Supplemental Figure S1. Alterations in gene expression of apoptosis-related proteins during spontaneous and G-CSF-
delayed neutrophil apoptosis. Neutrophils were incubated in the presence (grey lines, triangles) or absence (black lines, 
squares) of G-CSF (10 ng/mL), and mRNA was isolated every 6 hours for up to 18 hours. Gene expression was determined by 
MLPA analysis. Values were normalized for β2-microglobulin (B2M) expression, which was found to be high and stable in both 
control and G-CSF-treated cells throughout the experiment. Values represent the average (± SEM) of five independent experi-
ments performed in duplicate. Statistical significance between control and G-CSF-treated samples was determined by Wilcoxon 
signed rank test. * p<0.05, ** p<0.01. If no significance is indicated, no significant differences were observed. 




