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Molecular Mechanisms Underlying Delayed Apoptosis in
Neutrophils from Multiple Trauma Patients with and without
Sepsis
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Delayed neutrophil apoptosis and overshooting neutrophil activity contribute to organ dysfunction and subsequent organ fail-
ure in sepsis. Here, we investigated apoptotic signaling pathways that are involved in the inhibition of spontfaneous apoptosis in
neutrophils isolated from major frauma patients with uneventful outcome as well as in those with sepsis development. DNA frag-
mentation in peripheral blood neutrophils showed an inverse correlation with the organ dysfunction at d 10 after trauma in all pa-
fients, supporting the important role of neutrophil apoptosis regulation for patient’s outcome. The expression of the antfiapoptotic
Bcl-2 protein members AT and Mcl-1 were found o be diminished in the septic patients at d 5 and d 10 after frauma. This de-
crease was also linked to an impaired intrinsic apoptosis resistance, which has been previously shown to occur in neutrophils dur-
ing systemic inflammation. In patients with sepsis development, delayed neutrophil apoptosis was found fo be associated with a
disturbed extrinsic pathway, as demonstrated by reduced caspase-8 activity and Bid fruncation. Notably, the expression of Dad
protein, which is involved in profein N-glycosylation, was significantly increased in septic patients at d 10 affer trauma. Taken to-
gether, our data demonstrate that neutrophil apoptosis is regulated by both the intrinsic and extrinsic pathway, depending on
patient’s outcome. These findings might provide a molecular basis for new strategies targeting cell death pathways in apoptosis-
resistant neutrophils during systemic inflammation.
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INTRODUCTION

Sepsis is a leading cause of death in
intensive care unit patients, resulting in
more than 200,000 deaths annually (1).
Clinical and experimental observations
have suggested that apoptosis may play
a role in the pathogenesis of sepsis-asso-
ciated multiple organ dysfunction syn-
drome (MODS) (2-5), but the mechanism
by which MODS develops remains un-
clear. Neutrophils are terminally differ-
entiated cells of the innate immune sys-
tem playing an important role as a first
line of defense against bacterial infec-
tions as well as in the modulation of the

inflammatory response (6). Paradoxically,
neutrophils also represent one of the
main mediators of tissue injury in vari-
ous human diseases, including sepsis
(7,8). Under normal conditions neutro-
phil half-life in the circulation is limited
to ~6-10 h, after which they undergo
spontaneous apoptosis. However, during
acute inflammation, neutrophil life span
becomes significantly extended owing to
the action of proinflammatory mediators
and bacterial membrane components
such as endotoxin (9). This prolonged
neutrophil survival is associated with the
accumulation of activated neutrophils
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contributing to an ongoing inflamma-
tion, and consecutive host tissue dam-
age, with subsequent organ failure in
critical ill patients. Profound inhibition of
apoptosis has been already reported in
neutrophils from patients with systemic
inflammatory response syndrome (SIRS)
(2,10), in sepsis (11-14), as well as after
burn injuries (15) and acute respiratory
distress syndrome (8,16,17). These obser-
vations suggest that the resolution of the
inflammatory response is highly depen-
dent from the induction of neutrophil
programmed cell death.

During neutrophil spontaneous apo-
ptosis both, mitochondria- and death
receptor-mediated apoptotic signaling
were shown to be activated (18). The in-
trinsic apoptotic pathway involves mito-
chondria, which release cytochrome c
into the cytoplasm following outer mem-
brane permeabilization by proapoptotic
Bcl-2 family members. Cytochrome ¢
then combines with caspase-9 and Apaf-1
to form the apoptosome, resulting in
caspase-3 activation and apoptosis (19).
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Human neutrophils express the
proapoptotic proteins Bax, Bad, Bid, Bik
and Bak and the antiapoptotic proteins
Mcl-1, A1/Bfl-1 (A1) and Bcl-X; (20).
Mcl-1 and A1 have very short half-lives
of 2-3 h whereas the half-lives of the
proapoptotic proteins are relatively long
(21). The cellular levels of Mcl-1 protein
have been shown to closely correlate
with neutrophil survival. Hence, neu-
trophil half-life may be predominantly
governed by the cellular levels of the
antiapoptotic factors (22,23).

In the extrinsic pathway, stimulation of
death receptors such as Fas, TNF-related
apoptosis-inducing ligand (TRAIL) recep-
tors 1 and 2 and TNF receptor-1 and -2
by their ligands, for example, FasL,
TNF-o or TRAIL, allows the trimeriza-
tion/reorganization of the death receptor
on the cell surface and subsequent
caspase-8 activation (24). Both, the extrin-
sic and intrinsic pathway may converge
at the level of mitochondria.

Currently, the molecular mechanisms
that underlie the delay of neutrophil
apoptosis during acute inflammation
and sepsis are not fully understood. Re-
cently, we found evidence for an im-
paired extrinsic pathway in patients with
posttraumatic sepsis development due to
elevated serum levels of soluble Fas
(sFas). Serum sFas has been also shown
to inhibit neutrophil apoptosis in vitro.
However, in this study, both trauma pa-
tients with and without sepsis develop-
ment showed strong reduction of apo-
ptosis in circulating neutrophils at least
until d 10 after trauma (25).

Based on these previous findings, here
we sought to characterize the impact of
extrinsic and intrinsic pathways on the
regulation of neutrophil apoptosis in pa-
tients with trauma-associated sepsis de-
velopment, as well as in patients with
uneventful outcome.

MATERIALS AND METHODS

Patients

Twenty-four patients were enrolled in
this prospective study. Study approval
was obtained from the Ethics Review

Board of the University of Duesseldorf,
Germany. Patients with blunt or pene-
trating multiple injuries who were ad-
mitted to our Level I Trauma Center with
an Injury Severity Score (ISS) 216, inten-
sive care unit (ICU) stay >3 d and aged
18 years or older were enrolled in this
study. Written informed consent was ob-
tained from all participants or their legal
representatives if the patients lacked con-
sciousness. Exclusion criteria were death
of the patient on day of admission or
within the first 2 d on ICU. In addition,
patients with known preexisting im-
munological disorders or systemic im-
munosuppressive medication were ex-
cluded. The severity of injury was
assessed by the ISS, based on the Abbre-
viated Injury Scale (AIS) (26). SIRS and
sepsis were defined using the criteria
outlined 2005 from the International Sep-
sis Forum (27). Patients were determined
as septic if they fulfilled criteria for SIRS
and had a proven source of infection.
SIRS was defined by two or more of the
following criteria: temperature >38°C or
<36°C; heart rate >90 beats per min; res-
piratory rate >20 breaths per min or arte-
rial carbon dioxide tension (PaCO,)
<32 mmHg; and white blood cell count
>12,000 cells/mm? or <4000 cells/ mm?,
or with >10% immature (band) forms. To
evaluate organ dysfunction/failure, the
Sequential Organ Failure Assessment
(SOFA) and Multiple Organ Dysfunction
(MOD) score were determined prospec-
tively on a daily basis (28). Severe sepsis
referred to sepsis complicated by organ
dysfunction. Organ dysfunction has been
defined using the definition by the SOFA
score with >2 points for at least one sys-
tem (respiratory, coagulation, liver, car-
diovascular, central nervous or renal sys-
tem). Septic shock was defined as sepsis
with acute persistent circulatory failure
unexplained by other causes (>2 points in
SOFA score for cardiovascular system).
Blood was collected from healthy
volunteers and routinely from patients
from the day of admission until d 10. He-
parinized blood was immediately used
after collection for neutrophil isolation.
In parallel, sera were harvested by cen-
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trifugation and stored at -80°C until fur-
ther processing.

Isolation and Culture Conditions of
Human Neutrophils

Human neutrophils were isolated by
discontinuous density-gradient centrifu-
gation on Percoll (Biochrom) as previ-
ously described (29). After hypotonic
lysis to remove contaminating erythro-
cytes, cells were suspended in phosphate-
buffered saline (PBS). Purity and viability
were routinely >95% as assessed by for-
ward and side scatter characteristics of
FACScan (BD Biosciences) and trypan
blue exclusion, respectively. Subsequently,
cells were frozen at —-80°C or suspended
in RPMI 1640 containing 2 mmol/L glut-
amine (Biochrom) and 1% human serum,
supplemented with 100 U/mL penicillin,
100 ug/mL streptomycin and cultured at
37°C in a humidified atmosphere contain-
ing 5% CO,.

RNA Interference and Transfection

For siRNA experiments, freshly iso-
lated neutrophils from patients at d 1
after admission were nucleofected with
mcl-1 small interfering RNA (siRNA)
(Qiagen) using Amaxa Nucleofector Sys-
tem (Lonza), according to the manufac-
turer’s instructions (Human Monocyte
Nucleofector Kit, Lonza) with some
modifications. In brief, 5 x 10° neutro-
phils were suspended in 100 uL Nucleo-
fector solution (Lonza) with 1.5 ug
siRNA. The cells were electroporated
and further cultured in RPMI 1640 me-
dium containing 2 mmol/L glutamine
(Biochrom) and 10% FCS (PAA Labora-
tories). Alexa488-conjugated control
siRNA (Qiagen), used to detect intracel-
lular siRNA by flow cytometry and to
monitor transfection efficiency, showed
that the fluorescent siRNA was taken up
in >90% of the cells. After 24-h culture,
0.2 umol /L staurosporine (Alexis) was
added to the cells.

Analysis of mMRNA Expression by
RT-PCR and Quantitative PCR

Total RNA from neutrophils was ex-
tracted using TRI Reagent (Sigma) accord-



ing to the manufacturer’s instructions.
Contaminating DNA was removed by di-
gestion with DNase (DNA-free, Ambion).
500 ng RNA were reverse transcribed to
complementary DNA (cDNA) using
oligo(dT),; primer, random primer, and
Omniscript Reverse Transcriptase (Qia-
gen). Gene-specific primer pairs were de-
signed by using the Primer Express® soft-
ware (version 3.0; Applied Biosystems):
Mcl-1 forward: 5'-CAAGG CATGC
TTCGG AAACT-3'; Mcl-1 reverse: 5'-
GATCA TCACT CGAGA CAACG ATTT-
3'; Al forward: 5'-CTCAG CACAT
TGCCT CAACA G-3'; Al reverse: 5'-
GCCTG GTGGA GAGCA AAGTC-3'; Bax
forward: 5-TGGAG CTGCA GAGGA
TGATT G-3'; Bax reverse: 5-GAAGT
TGCCG TCAGA AAACA T-3'; Dad1 for-
ward: 5-GGCGT CGGTA GTGTC
TGTCA-3'; Dadl reverse: 5'-CTGCG
GAGTG GAGCT CAAG-3'; 18S forward:
5'-CATGG TGACC ACGGG TGAC-3';
18S reverse: 5'-TTCCT TGGAT GTGGT
AGCCG-3'. Relative gene expression lev-
els were determined using SYBR Green
(Applied Biosystems) incorporation fol-
lowing the manufacturer’s recommended
protocol with the following thermal cy-
cling conditions: 95°C, 10 min (1 cycle);
95°C, 15 s, 60°C, 60 s (40 cycles); 4°C hold.
All samples were run in triplicates (ABI
Prism 7300, Applied Biosystems). Expres-
sion of each target gene was normalized
to the 185 RNA gene. Fold expression was
calculated using the 24T method (30).

Human Apoptosis Quantitative Real-
Time Polymerase Chain Reaction
Array

To analyze the expression of apoptosis-
related genes in neutrophils after major
trauma, the Human Apoptosis 96 Stell-
ARay quantitative real-time polymerase
chain (qPCR) array has been used ac-
cording to the manufacturer’s instruc-
tions (Lonza). Data were analyzed using
Global Pattern Recognition (GPR) Analy-
sis software (Bar Harbor Biotechnology),
which normalizes the data of each ana-
lyzed gene to that of every other gene
without dependence of single gene nor-
malization (31).

Western Blotting

Isolated neutrophils were suspended
in radioimmunoprecipitation assay
(RIPA) buffer (50 mmol/L Tris pH 8.0,
150 mmol/L NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfide), supplemented with
complete protease inhibitor mixture
(Roche) followed by cell sonication. Sam-
ples were separated on sodium dodecyl
sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitro-
cellulose membranes (BioRad). Mem-
branes were saturated in Tris-buffered
saline supplemented with 0.1% Tween20
(TBST) and 5% w/v nonfat dry milk for
1 h and then immunolabeled with mono-
clonal anti-human Mcl-1 (BD Bio-
sciences), polyclonal anti-human Bid and
anti-human A1/Bfl-1 (both Cell Signal-
ing), or anti-human Dad1 antibody (Im-
genex), respectively. Blots were then
washed three times with Tris-buffered
saline + 0.1% Tween 20 (TBST) and incu-
bated with horseradish peroxidase
(HRP)-conjugated secondary antibodies
(Dako) for 1 h at room temperature.
Bands were visualized using SuperSignal
West Pico detection kit (Thermo Fisher
Scientific). Equal loading was confirmed
by Ponceaus$ staining and reincubation
of membranes with a monoclonal anti-
body for glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH; Imgenex).

Quantification of Neutrophil Apoptosis
Neutrophil apoptosis was measured
by using the Cell Death Detection
Enzyme-Linked Immunosorbent Assay
(ELISA) Plus Kit (Roche), which quanti-
tatively detects mono- and oligonucleo-
somes in the cytoplasmatic fraction.
Briefly, neutrophil pellets were sus-
pended in lysis buffer and DNA frag-
ments were detected according to the
manufacturer’s instruction. Apoptosis
was normalized to total double-stranded
(ds) DNA, which has been quantified by
PicoGreen (Invitrogen) staining. In addi-
tion, neutrophil apoptosis was measured
by propidium iodide staining and flow
cytometry as previously described (10).
Nuclei to the left of the G1 peak (sub-G1)
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containing hypodiploid DNA, correspon-
ding to fragmented DNA, were consid-
ered apoptotic.

Detection of Mitochondrial
Membrane Depolarization

To measure the mitochondrial mem-
brane potential, neutrophils were stained
with the lipophilic dye 5,5',6,6'-tetrachloro-
1,1',3,3"-tetraethylbenzimidazolocarbocya-
nine iodide (JC-1; Sigma Aldrich,
Taufkirchen, Germany) as previously de-
scribed (10). Then, cells immediately ana-
lyzed by flow cytometry. The excitation
wavelength was 488 nm and the emission
wavelengths 530 nm (FL1) for green fluo-
rescence and 590 nm (FL2) for red fluores-
cence. In intact cells with a high negative
mitochondrial membrane potential, JC-1
forms aggregates that emit a red
fluorescence (590 nm). In mitochondria
with low membrane potential (depolar-
ized), the dye forms monomers in the cy-
tosol that emit a green fluorescence
(530 nm). Results are expressed as the rela-
tive number of cells with high levels of
green fluorescence (FL1), indicating mito-
chondrial membrane depolarization in
these cells.

Determination of Caspase-8 Activity

Freshly isolated neutrophils were har-
vested by centrifugation and cell pellets
were stored by —-80°C for further process-
ing. The activity of caspase-8 has been
measured by using Caspase-Glo 8 Assay
(Promega) according to manufacturer’s
instructions.

Statistical Analyses

Data are presented as box plots repre-
senting the median (heavy line in boxes)
and the 25th and 75th percentiles.
Whiskers indicate the minimum and
maximum values, respectively. To evalu-
ate differences between several groups, a
nonparametric Kruskal-Wallis test with
Dunn post hoc test was performed. To
compare differences between two
groups, the Mann-Whitney U test has
been used. For normally distributed
data, the mean + SEM is depicted. Statis-
tical analysis was performed by using
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one-way analysis of variance (ANOVA),
followed by the Newman-Keuls test.
Correlation between numerical values
was evaluated by Spearman rank corre-
lation coefficient (p). Analyses were per-
formed with GraphPad Prism Program
(version 5, GraphPad Software, San
Diego, CA, USA). Data were considered
to be statistically significant at P < 0.05.

RESULTS

Demographics, Initial Blood Values
Outcome

The 24 patients (15 male, 9 female) en-
rolled in this study had an ISS of 46.7 +
3.1 (mean + SEM, range 16-75). The
mean age was 41.7 + 3.8 years (range
19-78 years). All patients fulfilled at least
two of criteria of SIRS on admission to
the ICU and on d 1 after trauma. From
all patients, 12 developed sepsis within
6.1 +0.4 d (range 4-8 d) after trauma.
Among the septic patients, one patient
had uncomplicated sepsis, seven patients
met the criteria for severe sepsis and four
patients met the criteria for septic shock.
The infection site of sepsis and microbio-
logical pathogens for each patient are
given in Table 1. The most frequent focus
for sepsis was a pulmonary infection. Pa-
tients with posttraumatic sepsis develop-
ment were apparently older and more se-
verely injured than those without sepsis.
Further, septic patients had a longer ICU
stay as well as higher SOFA and MOD
scores. Three septic patients died 30.7 +
12.3 d (range 16-55 d) after trauma as a
consequence of multiple organ failure.
Further patient characteristics as well as
injury severity, SOFA as well as MOD
score values and outcome are shown in
Table 2.

Expression Profile of Apoptosis-
Related Genes and Apoptosis Rate
in Neutrophils from Severely Injured
Patients

To identify apoptosis-relevant genes
that are modified in their expression in
neutrophils after major trauma, we
screened the regulation of 94 genes in
neutrophils isolated from multiple

Table 1. Infection site of sepsis and microbiological pathogens.

Subject Infection site Pathogen Evidence for sepsis, d
1 Pneumoniae Staphylococcus aureus 5
2 Pneumoniae Escherichia coli 7
3 Pneumoniae Klebsiella pneumoniae 5
4 Peritonitis Enteroccocus faecium 8
5 Pneumoniae Enterobacter cloacae 4
6 Pneumoniae Escherichia coli 7
7 Pneumoniae Staphylococcus aureus 6
8 Pneumoniae Staphylococcus aureus 7
9 Pneumoniae Escherichia coli 7
10 Pneumoniae Klebsiella pneumoniae 4
11 Pneumoniae n.d. 8
12 Soft tissue Enterococcus faecalis 5

n.d., Not detected; d, d after trauma.

trauma patients. The cDNA from five
healthy volunteers was pooled and used
as control. Further, pooled cDNA from
six patients, three with sepsis develop-
ment during the first 10 d after trauma
and three with uneventful recovery, was
used to analyze changes in the expres-
sion of apoptosis-relevant genes at d 1,
d 5, and d 10 after major trauma. We
found all investigated genes to be differ-
entially expressed in controls and pa-
tients already from d 1 until d 10 after
major trauma (Table 3). Although the ex-
pression of antiapoptotic genes such as
Mecl-1, A1, Dadl was found to be
strongly upregulated, a simultaneously

increase in the expression of Bax, Bad,
Bid and caspase-3, which are known to
favor apoptosis, could be observed in
trauma neutrophils. Additionally, there
was an upregulation of mRNAs encod-
ing for the death receptors tumor necro-
sis factor receptor superfamily member
TNFRSF1A, and to a lower extent for
TNFRSF1B and Fas. However, the ex-
pression of death receptor associated
adapter molecules, for example, Fas-
associated via death domain FADD, TNF
receptor-associated factor TRAF2 and
TRAF4, was markedly reduced com-
pared with their expression found in
control neutrophils.

Table 2. Demographics, injury severity, and outcome among subsets of patients.

All No

patients sepsis Sepsis
number, n 24 12 12
Age, years 41.7 £ 3.8 356.8+3.6 47.6 + 6.4
ISS 46.7 + 3.1 439+ 3.8 49.5+ 4.9
ICU, d 21.1+38 120+1.8 30.3 + 6.5°
Sepsis, % (n) 50.0 (12) 00 100 (12)
Death,% (n) 12.5 (3) 0 24.0 (3)
SOFA d 1 9.0+£0.6 7.6+08 10.3+0.7°
SOFA d 5 6.9+09 3.9+1.1 9.5+ 1.2°
SOFA d 10 45+09 21+07 6.5+ 1.4°
MODS d 1 6.7 0.6 51+08 8.3+0.7°
MODS d 5 55+0.8 27+09 8.3+0.8°
MODS d 10 38+08 1.3+08 6.3 +0.9°

Data indicated as mean + standard error of the mean (SEM). ISS indicates injury severity
score; ICU, intensive care unit length of stay; SOFA, Sequential Organ Failure Assessment
score; MODS, Multiple Organ Dysfunction Score; °P < 0.05,°P < 0.01, °P < 0.001 between

sepsis and No sepsis group.

328 | PAUNEL-GORGULU ET AL. | MOL MED 18:325-335, 2012



Table 3. Differential expression of apoptosis-related genes in neutrophils after major

frauma.
Well Gene Fold change, d 1 Fold change, d 5 Fold change, d 10
AO1 SODI 1,672493 1,688146 1,466493
A02 RIPKT -2,39164 -3,962909 -2,77739
A03 BNIP3 -3,575141 -4,78779 -3,654895
A04 UNCS5B n.d. -9,223153 n.d.
A0S E2F2 4,293041 1,042928 1,996911
A06 BBC3 1,37745 3,334892 4,523909
A07 AKTI -3,335724 -1,928875 1,10089
A08 DAD1 6,329098 8,947223 6,318885
A09 DIABLO 1,780151 -1,014353 -1,206
A10 PMAIPT n.d. n.d. n.d.
All HIFTA 23,785328 58,256212 81,666359
Al12 TNFRSF1A 9,862819 13,25661 10,087313
BO1 STAT5B 10,070057 1,162427 -1,421713
BO2 TP53INP1 1,043912 -1,015127 -1,5613858
BO3 HSPATA 1,396679 2,220739 3,227395
BO4 TNF -6,224681 -7,248387 -1,239648
BO5 BCL2L14 n.d. n.d. n.d.
BO6 LTBR 2,044857 -4,359492 -2,763947
BO7 BCL6 4,763427 5,137762 5,715462
BO8 DFFA -7,200015 -18,630055 -14,919528
BO9 BAX 2,832351 1,669412 2,290512
B10 CD40 n.d. -12,787479 -2,564238
B11 BAKT n.d. n.d. n.d.
B12 TRAF2 -17,851829 -8,492916 -2,2984
COo1 FOXO3 8,011098 4,789384 3,650692
C02 PAWR -29,815694 -21,330709 -7,159853
Co03 BAG4 -1,077733 -1,177609 -1,118163
Cco4 FGFR3 n.d. n.d. n.d.
C05 SIRT1 1,638073 1,452804 -1,540854
C06 XIAP -2,140577 -2,5623734 -1,435576
Co7 FAS 3,923116 1,981977 -1,019054
Co8 AVEN n.d. n.d. n.d.
co9 API5 1,001387 -1,058382 -11,060387
Cl10 IGF1 -1080,88701 -32,622359 -123,231733
C11 BNIP3L n.d. n.d. n.d.
Ci12 HTRA2 -1,204137 2,963783 2,925473
DO1 PTEN n.d. n.d. n.d.
D02 BCL212 n.d. n.d. n.d.
D03 TNFAIP3 4,263387 3,366945 5,083316
D04 APAF1 1,842928 2,182588 2,243529
D05 HSGenomic n.d. n.d. n.d.
D06 DDIT3 2,030732 1,879098 6,899874
D07 BOK -68,974921 -14,483717 -56,682442
D08 CASP2 -5,16225 -2,213087 1,217709
D09 GPX1 -1,775223 1,40011 3,486719
D10 GSK3B 5,359134 -190,303726 -34,314109
D11 BIRC5 n.d. n.d. n.d.
D12 BID 2,316586 4,079918 2,954205
EOT FADD -5,4189 -1,70605 1,479357
E02 MCLI 4,03341 2,929471 1,5617788
EO3 PRDX2 -47,11126 -119,632573 -45,630609
E04 TGFB1 -1,825131 -1,3051 1,52042
Confinued
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In previous studies, we have already
shown that neutrophils after trauma dis-
play a prolonged life span when com-
pared with control cells (10,25). However,
as depicted in Figure 1A, there was no
significant difference in apoptosis rate at
d 5 and d 10 after trauma between neu-
trophils from patients without or with
posttraumatic sepsis development, re-
spectively. In addition, fold change in
apoptosis when compared with d 1 was
negatively correlated with patient’s MOD
scores (p =—0.435, *P = 0.04 [see Figure 1
legend]) and to a lower degree with SOFA
(p =-0.417, P = 0.059) at d 10 but not at
d 5 after trauma, suggesting a link be-
tween the apoptotic status of neutrophils
and patient’s clinical course (Figure 1B).

As previously reported, inhibition of
neutrophil apoptosis after major trauma
is mediated by serum factors (10,22). In-
deed, treatment of control neutrophils
with serum taken atd 1, d 5 and d 10
after admission from the 12 patients with
and 12 patients without sepsis develop-
ment led to a significant downregulation
of neutrophil cell death compared with
the apoptosis rate of neutrophils incu-
bated with serum from healthy volun-
teers (Figure 1C). However, no differ-
ences in apoptosis could be observed
between the sera from the two patient
groups.

Regulation of the Neutrophil
Apoptosis-Related Factors Mcl-1,
Al, Dadl, and Bax during Sepsis
Development after Major Trauma

To further elucidate the molecular
mechanisms underlying reduced neu-
trophil apoptosis in patients with and
without sepsis development after major
trauma, we analyzed the expression of
apoptotic factors, especially of those who
were already shown to be important reg-
ulators of neutrophil survival (20).

The expression levels of the antiapop-
totic genes Mcl-1, A1, Dad1, and the
proapoptotic gene Bax are depicted in
Figure 2. These factors were found to be
clearly upregulated on mRNA level in
neutrophils early after major trauma
(Table 3). Analysis of gene expression
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Table 3. Continued.

AFTER MAJOR TRAUMA

E0S BFAR 1,358486
EC6 CASP9 1,19914
EQ7 BNIP2 1,682275
EO8 CASP3 3,923116
EQ9 BIRC2 8,645803
E10 TRADD -5,09118
ET1 CLu n.d.

E12 DAPK2 -1,513617
FO1 BNIPT n.d.

FO2 TNFRSF1B 1,649467
FO3 HRK -15,221092
FO4 P53 -6,267977
FO5 HIPK2 n.d.

FO6 STAT5A 1,166349
FO7 DAP 4,35297
FO8 CASP7 -7,200015
FO9 NAIP 1,034553
F10 TNFRSF10A n.d.

F11 FASLG n.d.

F12 LTA -7,663482
GO01 TNFRSF11B n.d.

G02 Hs18s -17,606058
G03 DPF2 1,961558
G04 CARDIO n.d.

G05 BAG3 -69,45468
G06 CASP8 -1,108032
G07 BCL2L11 21,141414
G08 BAGI -13,529157
G09 BIRC3 1,022429
G10 PERP -6,717852
G11 E2F1 n.d.

G12 BAD 1,285206
HO1 DAPKT -3,133989
HO2 BIK 3,164549
HO3 RAD21 4,293041
HO4 BCL2L10 -84,918089
HO5 VEGFA -1,308578
HO6 BCL2 -79,782476
HO7 TRAF4 -22,284984
HO8 BCL2L1 -2,883858
HO9 GADDA45G -1,19582
H10 BCLI1O 4,322902
H11 NFKBI 1,150292
H12 BCL2A1 17,901394

3,001409 3,063936
-1,27709 -1,820999
-1,249768 1,000742
7,663163 3,420412
9,273025 7,237894
-4,538325 -1,180363
n.d. n.d.
-1,374551 2,166506
n.d. n.d.
1,448279 1,785181
-16,04954 -7,333643
-3,5678512 -1,944002
n.d. n.d.
1,740908 2,572855
8,866348 4,893511
-4,333582 -2,271004
1,783906 1,022053
n.d. n.d.
n.d. n.d.
-2,449114 -2,856661
n.d. n.d.
-18,415645 -2,365475
11,152846 7,256481
n.d. n.d.
-71,459801 -16,247322
1,036011 3,724044
242,768933 352,180202
-5,131071 -7,894949
n.d. n.d.
-10,243664 -71,374162
-1,66389 -1,512285
1,121353 3,203103
-1,055086 n.d.
1,443769 2,875813
-1,598213 -1,316977
-12,292956 -22,321004
1,942669 5,462533
-5,322706 -14,748844
-11,440356 n.d.
2,476049 2,418596
-1,385455 1,568592
5,964247 3,440146
-1,040127 -1,585052
3,652641 6,525417

n.d., Not detected.

using real-time PCR revealed high inter-
individual variation in mRINA expression
levels. The expression of all genes was
commonly found to be upregulated at

d 1 after trauma when compared with
their expression in healthy controls. The
mRNA levels of Mcl-1, A1, Dadl and Bax
further declined to control levels after

10 d. No differences in mRNA expression

between septic and nonseptic patients
could be determined (Figure 2).

In general, the mRNA levels do not
necessarily correlate to the amount of
the expressed protein and many pro-
teins have been demonstrated to be
posttranslationally regulated. For in-
stance, Mcl-1 turnover has been already
shown to be modified by granulocyte-
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macrophage colony-stimulating factor
(GM-CSF) (32). We further examined the
protein expression of the apoptotic fac-
tors mentioned above using im-
munoblot analysis. The protein levels of
Mcl-1 peaked at d 1 after trauma and
were significantly reduced in the sepsis
group at d 10 (P < 0.01 versus nonsep-
sis; Figure 3). Additionally, we found Al
protein levels to be significantly dimin-
ished in neutrophils isolated at d 5 and
d 10 from patients with sepsis develop-
ment (P < 0.01 and P < 0.05, respec-
tively) when compared with neutrophils
from the nonsepsis group at these times.
These findings argue for a general de-
cline of antiapoptotic Bcl-2 members in
neutrophils during sepsis development.
Although not being a member of the
Bcl-2 family, Dadl has been shown to
interact with antiapoptotic Mcl-1 and
loss of Dad1 function is associated with
apoptotic cell death (33). In contrast to
Mcl-1 and A1, Dad1 levels were not in-
creased in patients when compared with
control neutrophils. Whereas Dad1 pro-
tein levels in patients with uneventful
recovery remained unchanged over time
after major trauma, the protein was
found to be significantly increased at d
10 after trauma in the sepsis group (P <
0.01 versus nonsepsis). Moreover, we
found that neutrophils of all trauma pa-
tients expressed reduced levels of
proapoptotic Bax over the whole obser-
vation period of 10 d without any inter-
group differences. Altogether, these data
suggest that neutrophils in sepsis dis-
play an obvious imbalance between pro-
and antiapoptotic Bcl-2 members owing
to reduced levels of Mcl-1 and Al.

Reduced Mcl-1 Levels Are Associated
with Impaired Intrinsic Apoptosis
Resistance in Neutrophils during
Sepsis

Neutrophil spontaneous apoptosis
has been shown to be highly dependent
on Mcl-1 protein levels. Besides Mcl-1,
A1 has been identified to antagonize
Bax activation and mitochondrial mem-
brane depolarization (34). It has been al-
ready reported that neutrophils from
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trauma patients expressing high levels
of intracellular Mcl-1 are resistant to mi-
tochondrial membrane depolarization
and thus intrinsic apoptosis in response
to the proapoptotic stimulus stau-
rosporine (10). In this study, we found
neutrophils from patients with sepsis
development to express reduced levels
of antiapoptotic Mcl-1 and Al. We,
therefore, assumed that neutrophils
from septic patients might display an
impaired intrinsic apoptosis resistance
because of reduced Mcl-1 protein levels
found in these cells. Indeed, Mcl-1
knockdown in patient neutrophils sig-
nificantly enhanced sensitivity of the
cells to staurosporine, resulting in in-
creased mitochondrial membrane depo-
larization and apoptosis (Figure 4A). To
prove our hypothesis, neutrophils from
healthy donors were incubated with pa-
tient serum collected at d 1, d 5 and

d 10 after severe trauma. We have previ-
ously shown that incubation of control
neutrophils with patient serum pro-
motes resistance to staurosporine-
induced apoptosis by increasing the sta-
bility of Mcl-1 protein. This effect was
mediated by proinflammatory cy-
tokines, such as GM-CSF (10). Hence,
reduced Mcl-1 levels in sepsis, probably
because of altered cytokine levels, might
be associated with a loss of mitochondr-
ial membrane potential during intrinsic
apoptosis induction. As speculated, mi-
tochondrial disruption was significantly
increased after treatment with stau-
rosporine in cells incubated with serum
from septic patients at d 10 after trauma
when compared with cells incubated
with serum from patients with unevent-
ful outcome (Figure 4B).

Inhibition of Caspase-8 Activity and
Bid Truncation in Neutrophils during
Sepsis

However, the reduced neutrophil in-
trinsic apoptosis resistance found in sep-
sis does not explain the decreased apopto-
sis rate of neutrophils from septic
patients. We therefore investigated if
other mechanisms might be of relevance
for the modulation of neutrophil apopto-
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[, Nonsepis; H, sepsis; B, control.

sis. Activation of Fas receptor has been al-
ready reported in neutrophils undergoing
spontaneous apoptosis. When Fas mole-
cules cluster, they interact with the
adapter proteins FADD, which in turn, re-
cruit procaspase-8 molecules to induce
their autocleavage and thus production of
active caspase-8 (35). Activated caspase-8
then cleaves the proapoptotic Bcl-2 family
member Bid (22 kDa) to yield truncated
Bid (1Bid, 15 kDa). tBid was demonstrated
to promote apoptosis by linking the ex-
trinsic to intrinsic pathway in neutrophils
and different cell lines (36,37).

As depicted in Figure 5A, neutrophils
isolated at d 10 from septic patients dis-

played significantly reduced caspase-8
activity when compared with neutro-
phils isolated from patients with un-
eventful outcome at the same time (P <
0.05). In addition, an increased Bid /tBid
ratio has been found in neutrophils iso-
lated atd 5 (P < 0.01) and d 10 (P < 0.01),
respectively, from septic patients, indicat-
ing a reduced Bid cleavage by caspase-8
due to an impaired extrinsic apoptotic
pathway in these cells (Figure 5B).

DISCUSSION

Delayed neutrophil apoptosis com-
bined with cellular hyperactivity is
widely accepted to be associated with in-
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flammatory disorders including tissue
damage and progressive organ dysfunc-
tion. In the current study, we demonstrate
that apoptosis-related factors are differen-
tially regulated in neutrophils during sep-
sis development after major trauma. In
addition, we also found an inverse corre-
lation between neutrophil apoptosis rate
and the patients’ organ dysfunction scores
suggesting an influence on sepsis-
associated organ damage by delayed neu-
trophil apoptosis. The reduced neutrophil
apoptosis rate in sepsis, which was not re-
lated to the expression of the neutrophil
antiapoptotic factors Mcl-1 and A1, sug-
gests that prolonged neutrophil life span
does not solely depends on their expres-
sion levels. We demonstrate here that neu-
trophil apoptosis in sepsis is rather addi-
tionally regulated by factors modulating
the extrinsic pathway, as shown by dimin-
ished caspase-8 activity and reduced Bid
cleavage.

Our results showed many pro- and
antiapoptotic genes to be upregulated
after major trauma, supporting the regu-
lation of gene activity by inflammatory
mediators (38,39). Interestingly, Weber
and colleagues have recently described a
massive upregulation of proapoptotic
factors in circulating blood cells from pa-
tients suffering from severe sepsis (40).
They further concluded that the
proapoptotic pattern of gene expression
must be generated by lymphocytes, dis-
playing increased apoptosis in sepsis,
rather than neutrophils with prolonged
life span (40). However, this work dem-
onstrates that the gene expression of
most proapoptotic genes such as Bax,
Bad, and Bid is also upregulated in neu-
trophils after major trauma showing pro-
longed life span.

Previous studies have suggested that
neutrophil spontaneous apoptosis highly
depends on the integrity of the mito-
chondrial membrane and is regulated by
Bcl-2 family members (20,22,29). Several
lines of evidence indicate that under in-
flammatory conditions, such as for exam-
ple, after major trauma, the neutrophil
life span becomes modified owing to the
action of proinflammatory cytokines
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present in the circulation. In this context,
it has been already shown by our group
and others that GM-CSF- and also inter-
leukin (IL)-18-mediated suppression of
neutrophil apoptosis is associated with
an increase in antiapoptotic Mcl-1 pro-
tein (10,41). So far, it remains speculative
whether additional serum factors beside
GM-CSF and IL-18 are involved in the
regulation of neutrophil apoptotic factors
after severe trauma.

The antiapoptotic Bcl-2 members Mcl-1
and Al are known to impair the intrinsic
pathway by maintaining the mitochondr-
ial transmembrane potential (10,42). Both
proteins were found to be markedly up-
regulated in all patients after trauma
while Bax protein levels were slightly
downregulated when compared with
healthy controls. Whereas Mcl-1 protein
expression significantly declined at d 10
after trauma in the sepsis group, there

INVITED RESEARCH ARTICLE

was a strong decrease in Al protein lev-
els from d 5, suggesting a downregula-
tion of antiapoptotic factors in sepsis.

Al has already been reported to inter-
act with human Bax (43). However, in
contrast to the work of Werner and co-
workers (42), reporting that A1 blocks
the mitochondrial apoptotic pathway,
here the reduction in A1 protein alone in
the sepsis group at d 5 after trauma did
not seem to abrogate intrinsic neutrophil
apoptosis resistance as shown by stau-
rosporine treatment and mitochondrial
staining. However, it is likely that a si-
multaneously downregulation of other
antiapoptotic Bcl-2 proteins is required to
sensitize neutrophils to intrinsic apopto-
sis inducers.

In a previous study, we have demon-
strated that intrinsic apoptosis resistance
in neutrophils is accompanied by an in-
crease in Mcl-1 protein levels. Further, in-
cubation of control neutrophils with sera
collected from severely injured patients
was sufficient to reproduce this effect
and to maintain mitochondrial mem-
brane integrity after apoptosis induction
with staurosporine (10). Consistent with
these previous observations, the reduced
Mcl-1 as well as Al levels found in septic
patients at d 10 after trauma were associ-
ated with an increased permeabilization
of the mitochondrial membrane. In addi-
tion, our knockdown experiments using
neutrophils expressing elevated levels of
Mcl-1 (d 1 after trauma) further con-
firmed the regulation of the intrinsic
apoptotic pathway by this factor. Inter-
estingly, we found here that despite di-
minished levels of antiapoptotic Bcl-2
members, for example, Mcl-1, the apo-
ptosis of neutrophils from patients with
sepsis development after major trauma
was still delayed. Based on these find-
ings, we further suggested that addi-
tional upstream regulatory mechanisms
are involved in the inhibition of neu-
trophil cell death in sepsis. In sponta-
neous neutrophil apoptosis Bid is
cleaved to tBid which has been reported
to activate Bax, thus promoting its
translocation from the cytosol to the mi-
tochondria (29,35). In the current study,
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Figure 5. Reduced caspase-8 activity and diminished Bid truncation in patients with sepsis
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the production of tBid was inhibited in
neutrophils isolated from patients with
sepsis development at d 5 and d 10 after
trauma. This reduced Bid truncation was
further associated with significantly re-
duced caspase-8 activity at d 10. These
findings are in line with recently pub-
lished results demonstrating that pro-
longed neutrophil life span in septic pa-
tients was associated with elevated
serum levels of soluble Fas (sFas). sFas
may functionally antagonize the
Fas/FasL pathway and thus extrinsic
caspase-8-mediated apoptosis. Indeed,
patient’s SOFA and MOD scores showed
a positive correlation with serum sFas
levels (25) as well as an inverse correla-
tion with neutrophil apoptosis at d 10.
Hence, sFas in the circulation of trauma
patients could represent another factor
responsible for the dysregulation of apo-
ptosis in severely injured patients.

In addition, in this article, we also
show for the first time a strong upregula-
tion of Dad1 protein in septic patients at
d 10, but its mode of action is not yet un-
derstood. Dad1 has largely been impli-
cated in N-linked glycosylation. The
inhibition of N-linked protein glycosyla-
tion in cells that undergo apoptosis after
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loss of Dad1 function suggests that loss
of N-linked glycoproteins is associated
with onset of apoptotic cell death (44). In
addition, Dad1 has been also shown to
bind to antiapoptotic Mcl-1 protein and
his expression in animal cells was report-
edly down-regulated prior to the induc-
tion of programmed cell death (45). How-
ever, it remains unclear whether Dad1
might diminish neutrophil apoptosis by
the modulation of Mcl-1 activity or by
maintaining accurate N-glycosylation of
proteins thus preventing endoplasmic
reticulum stress. In fact, diminished neu-
trophil apoptosis in sepsis seems to be re-
lated to both, increased Dad1 levels and
impaired extrinsic pathway, respectively.

Overall, most of the effects have been
observed at d 10 after trauma. At the ear-
lier time point (d 5), five of twelve pa-
tients in our cohort already displayed
clinical signs of sepsis. In contrast, at
d 10 all patients included in the sepsis
group had clinical manifested septic
disease.

One important limitation of this study
is that we only investigated apoptotic
signalling pathways in circulating neu-
trophils. Because these cells are known to
infiltrate tissues and also to retain to the
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circulation after contact with the in-
flamed tissue, their function and apop-
totic status might change. Being aware
that posttraumatic tissue destruction is
rather mediated by infiltrated than circu-
lating neutrophils, it was not yet possible
to investigate apoptosis of tissue neutro-
phils in patients, which however is a
common limitation in patient studies.
Further, we did not differentiate between
different subpopulations of neutrophils,
for example, newly released cells from
the bone marrow, and therefore further
discrepancies regarding apoptotic sig-
nalling in these cells cannot be ruled out.

CONCLUSION

In summary, our study demonstrates
that sepsis development after major
trauma is associated with changes in the
expression of neutrophil antiapoptotic
factors. In the early phase after trauma,
neutrophil apoptosis seems to be mainly
regulated by antiapoptotic Bcl-2 members
which inhibit the intrinsic mitochondria-
dependent pathway. Importantly, our
data indicate that neutrophil apoptosis
do not always correlate with Mcl-1 pro-
tein levels. Neutrophils from patients
with clinically diagnosed sepsis at d 10
after trauma displayed reduced neu-
trophil apoptosis despite diminished lev-
els of antiapoptotic Mcl-1 and A1l protein.
In these patients, a predominant inhibi-
tion of the extrinsic apoptotic pathway
could be found. The correlation between
reduced neutrophil apoptosis and the
severity of illness further supports the
importance of neutrophil activity in the
pathophysiology of sepsis. On the basis
of these findings, drugs designed to tar-
get extrinsic rather than intrinsic apop-
totic signalling in neutrophils during sep-
sis may help to modulate neutrophil life
span and to prevent host tissue damage
under these conditions.
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