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Growth factors G-CSF and GM-CSF differentially preserve
chemotaxis of neutrophils aging in vitro
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Objective. The ability of human neutrophils to migrate was studied during culture in vitro.

Methods. Neutrophils were isolated from human blood and cultured at 37�C. Apoptosis was
determined by Annexin-V fluorescein isothiocyanate binding. Receptor expression was mea-
sured by fluorescence in situ hybridization analysis with monoclonal antibodies. Migration
was assessed with Transwell Fluoroblock inserts and calcein-stained neutrophils. Extracellular
signal-regulated kinase 1/2 (ERK-1/2) activation was determined with monoclonal antibody
against phosphorylated ERK-1/2.

Results. Upon culture, untreated neutrophils downregulated the chemotaxin receptors FPR,
CXC chemokine receptor 1, and CXC chemokine receptor 2 and lost the ability to migrate to
formyl-methionyl-leucyl-phenylalanin, interleukin 8 (IL-8), and C5a. In contrast, expression
of CXCR4 was induced; this receptor was able to signal (increase in intracellular free calcium
ions [Ca2+]i, ERK-1/2 activation) but was nonfunctional (no chemotaxis to stromal cell-derived
factor-1a). The myeloid growth factors granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) retarded the process of func-
tional decay during cell culture. However, while preserving chemotaxis of neutrophils toward
formyl-methionyl-leucyl-phenylalanin or C5a, GM-CSFdin contrast to G-CSFddid not pre-
serve chemotaxis toward IL-8, with a corresponding downregulation of the IL-8 receptors. The
decay in neutrophil chemotaxis occurred prior to detectable phosphatidylserine (PS)-exposure.
In contrast, the induction of [Ca2+]i rises and ERK-1/2 activation correlated with chemotaxin
receptor expression unless the cells were truly apoptotic.

Conclusion. Neutrophils aging in vitro lose their chemotactic capacity. Functional decay
starts prior to PS exposure and can be partially prevented by G-CSF and GM-CSF, in a dif-
ferential fashion. These growth factors act by increasing the number of viable neutrophils, by
altering the levels of chemotaxin receptor expression, anddindependentlydby affecting sig-
naling cascades. � 2007 International Society for Experimental Hematology. Published by
Elsevier Inc.
Neutrophils provide the essential first line of defense
against bacterial and fungal pathogens. Although these cells
are predominant among leukocytes, they have the shortest
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life span of all. Neutrophils are predisposed to cell death
by apoptosis. Apoptosis prevents the cytotoxic contents
from the neutrophil granules from releasing into the sur-
rounding tissues and facilitates the elimination of cells by
tissue macrophages [1–3]. The exact molecular mecha-
nisms underlying neutrophil apoptosis are largely unknown,
although members of the Bcl-2 protein family and caspases
have been shown to be involved [4–8]. Aging of neutrophils
is accompanied by a progressive loss of functions, such as
adherence [9], chemotaxis, phagocytosis, and generation of
reactive oxygen species [10].
or Experimental Hematology. Published by Elsevier Inc.
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Granulocyte colony-stimulating factor (G-CSF) and
granulocyte-macrophage colony-stimulating factor (GM-
CSF) have been shown to promote survival of neutrophils
[8,11,12]. Both growth factors are used to treat patients
with neutropenia or other specific phagocytic defects. The
most important effect of these growth factors in therapeutic
dosages in vivo is the stimulation of granulocytopoiesis.
They act on the myeloid progenitor cells and stimulate dif-
ferentiation and proliferation. In addition, G- and GM-CSF
can act on mature neutrophils, promoting their survival and
respiratory burst response [13–15].

In the present study we examined the loss of the migra-
tory ability of neutrophils during aging and apoptosis in vi-
tro. Neutrophils obtained from human blood spontaneously
go into apoptosis during culture, and this is accompanied by
progressive loss of function. We have measured chemotaxis
of freshly purified neutrophils and compared this with the
chemotactic capacity of cells cultured overnight in the pres-
ence or absence of G- or GM-CSF. The deterioration of
chemotaxis associated with neutrophil aging in vitro was
found to occur at an early phase of culture. G- and GM-
CSF were both found to preserve the chemotactic response
of cultured neutrophils but in a differential manner.

Materials and methods

Neutrophil isolation and culture
Heparinized venous blood was collected from healthy volunteers af-
ter obtaining informed consent, and neutrophils were isolated as
previously described [16]. For culture experiments, neutrophils
(O95% pure) were suspended at a concentration of 5 � 106/mL
in Iscove’s modified Dulbecco medium (BioWhittaker, Brussels,
Belgium) supplemented with 10% heat-inactivated fetal calf serum
(Gibco BRL, Paisley, UK), penicillin 100 IU/mL (Yamanouchi,
Tokyo, Japan), streptomycin 100 mg/mL (Gibco BRL), and gluta-
mine 300 mg/mL and cultured overnight (16–18 hours) in a humidi-
fied CO2 incubator at 37�C. Cells were cultured without additions or
with various concentrations of G-CSF (Neupogen; Amgen, Breda,
The Netherlands) or GM-CSF (Sigma, St. Louis, MO, USA).

Measurement of apoptosis
Neutrophil apoptosis was determined with the Annexin-V apopto-
sis detection kit (Bender MedSystems, Vienna, Austria) [17].
Fresh or cultured cells (1 � 105) were incubated for 45 minutes
on ice in HEPES buffer supplemented with 2.5 mM CaCl2 and
Annexin-V fluorescein isothiocyanate (FITC; 1:250), which spe-
cifically binds phosphatidylserine (PS) residues on the cell mem-
brane. During the last 10 minutes, propidium iodide (PI) was
present (1 mg/mL), which binds to DNA after the cell membrane
has become permeable. After the incubation, the cells were
washed once and analyzed by flow cytometry (FACScan, Becton
Dickinson, San Jose, CA, USA). Viable cells were defined as neg-
ative for Annexin-V-FITC and PI staining (Annexin-V�/PI�).

Fluorescein-activated cell
sorting analysis of receptor expression
Interleukin-8 (IL-8) receptor expression was determined with phy-
coerythrin (PE)- or FITC-conjugated monoclonal antibody (mAb)
directed against CXCR1 and CXCR2 (R&D Systems, Minneapo-
lis, MN, USA) [18]. CXCR4 was detected with PE-conjugated
mAb 12G5 (PharMingen, San Diego, CA, USA) [19]. The
formyl-methionyl-leucyl-phenylalanine (fMLP)-receptor expres-
sion was determined with a FITC-conjugated formyl-peptide (N-
formyl-Nle-Leu-Phe-Nle-Tyr-Lys; Molecular Probes, Leiden,
The Netherlands). Fresh or cultured neutrophils (1 � 105 cells
at 3 � 106/mL) were incubated with the mAb (10 mg/mL) or
FITC-formyl peptide (5 nM) for 30 minutes on ice. Finally, the
cells were washed three times with cold HEPES buffer and ana-
lyzed by fluorescein-activated cell sorting (FACS).

Cell migration
Cell migration was assessed by means of Fluoroblok inserts (Fal-
con; Becton Dickinson) as previously reported [20]. In brief, neu-
trophils (5 � 106/mL) were incubated with calcein acetoxymethyl
ester (1 mM final concentration; Molecular Probes) for 30 minutes
at 37�C, washed twice, and resuspended in HEPES buffer at a con-
centration of 2 � 106/mL. Chemoattractant solution (fMLP, IL-8,
or C5a, all at 10 nM and stromal cell-derived factor-1 alpha [SDF-
1a] at 30 ng/mL, ordwhen indicateddat different concentra-
tions) or medium alone (0.8 mL/well) was added to a 24-well plate
(Falcon; Becton Dickinson), and 0.3 mL of cell suspension was
delivered to the inserts (3-mm 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 at
37�C in the HTS7000-plus plate reader (Ex 485 nm, Em 535 nm;
Perkin Elmer, Norwalk, CT, USA). Maximal rate (Max slope) of
migration was assessed over a 10-minute interval using Magellan
software (Tecan, Salzburg, Austria). Results are expressed in rel-
ative fluorescence units (RFU) per minute and in fold increase
over basal level.

IL-8 concentration
IL-8 concentration in culture medium of neutrophils was deter-
mined by enzyme-linked immunosorbent assay (Sanquin, Amster-
dam, The Netherlands).

Calcium response
The concentration of intracellular free calcium ions ([Ca2þ]i) was
measured essentially as described [21]. Chemoattractants (fMLP,
IL-8, C5a, or SDF-1) were used in final concentrations of 1 nM
to 1 mM.

Western blot analysis of ERK-1/2 activation
Fresh and overnight cultured neutrophils (5 � 106/mL in HEPES
buffer) were stimulated with fMLP (1 mM), IL-8 (10 nM), or SDF-
1a (100 ng/mL) for 5 minutes, and total cell lysates were prepared
by boiling of cell pellets in sodium dodecyl sulphate (SDS) sample
buffer. Proteins were electrophoretically separated on 12.5% SDS-
polyacrylamide gel electrophoresis and were transferred to nitro-
cellulose membrane (Hybond-ECL, Arlington Height, IL, USA).
After blocking, the blot was incubated for 1 hour with a mouse
mAb against Tyr204-phosphorylated ERK-1/2 (Santa Cruz Bio-
technology, Santa Cruz, CA, USA) at a final concentration
1:1000 in Trizma Base Saline Tween [22,23]. Thereafter, the blots
were washed and incubated for 1 hour with horseradish peroxi-
dase–labeled conjugate (DAKO, Glostrup, Denmark), followed
by band visualization with an enhanced chemiluminescence kit
(Amersham, Little Chalfont, UK). To check protein loading, the
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blots were reprobed with a rabbit polyclonal antibody against total
ERK-1/2 (final concentration 1:1000; Santa Cruz).

Statistical analysis
Values were compared by one-way analysis of variance with Bon-
ferroni’s posttest, using GraphPad Prism version 3.0 software
(GraphPad Software, Inc., San Diego, CA, USA). Differences
were accepted as significant at p ! 0.05.

Results

G-CSF and GM-CSF delay neutrophil apoptosis
Neutrophil survival (Annexin-V� / PI� cells) after over-
night (16–18 hours) culture was 27% 6 2% (Fig. 1). In
the presence of G- and GM-CSF, the survival was signifi-
cantly higher: 50% 6 3% and 42% 6 2%, respectively.
The yield of cells after incubation was similar between cul-
ture conditions and ranged from 75% to 85% of input num-
bers. With culture times exceeding 18 hours, more G- and
GM-CSF-treated cells became both Annexin-Vþ and PIþ,
indicating that apoptosis is delayed rather than prevented
by these growth factors.

G-CSF and GM-CSF preserve
chemotactic responses of cultured neutrophils
We next questioned whether delay in apoptosis is associ-
ated with preservation of neutrophil chemotactic ability.
The migratory response to the chemoattractants fMLP,
IL-8, or C5a was greatly reduced in neutrophils cultured
without additions (Fig. 2A). Depending on the chemotactic
stimulus, the maximal rate of migration of these cells was
only 5 to 10% of the response found with fresh neutrophils
measured prior to culture. More than 97% of the cells that
migrated into the lower compartment under any condition
were Annexin-V� as determined by FACS analysis of those
cells (data not shown).

Neutrophils cultured in the presence of G- or GM-CSF
preserved chemotactic abilities in a dose-dependent man-
ner, as indicated by the dose-response graph for G-CSF
(Fig. 2A). The response to G-CSF was optimal at concen-
trations $10 ng/mL (Fig. 2A) and for GM-CSF at $20
ng/mL (not shown). The maximal rate of migration of
growth factor–treated viable cells was three- to fivefold
higher than that of control cultured neutrophils (Fig. 2B)
but still less than the response of fresh cells (35–50%, de-
pending on the chemotactic stimulus). Moreover, there
was no change in dose-response curves of chemotactic fac-
tors upon neutrophil culture in the presence or absence of
growth factors, tested in a range of 10�9 to 10�5 M for
fMLP, IL-8, and C5a (not shown).

In contrast to G-CSF, neutrophils cultured with GM-CSF
were unable to migrate in response to IL-8 (Fig. 2B). Inter-
estingly, neutrophils cultured for 16 to 18 hours with GM-
CSF produced up to 280 pg IL-8/mL/106 cells, w20 times
more than control cultured cells (max 14 pg/mL/106 cells).
In contrast, G-CSF-cultured neutrophils produced less IL-8
than control cells (!8 pg/mL/106 cells). The levels of IL-8
produced by GM-CSF-treated neutrophils are sufficient to
reduce the expression of both IL-8 receptors and result in
a desensitization to subsequent IL-8 stimulation [24]. These
data suggest that the autocrine action of IL-8 induced by
GM-CSF may be responsible for the selective desensitiza-
tion to subsequent IL-8 stimulation (see below).

Differential effects of G-CSF and
GM-CSF on chemoattractant receptor expression
To further investigate the possible mechanism by which the
migratory ability of neutrophils is maintained by the growth
factors, we determined the level of receptor expression for
fMLP (FPR) and IL-8 (CXCR1 and CXCR2). Neutrophils
express two functional G-protein-coupled receptors
(GPCRs) for fMLP, designated FPR and its homologue
FPRL1, which bind fMLP with high and low affinity, re-
spectively. The Kd of fMLP binding to FPR is w1 nM,
whereas that for the FPRL1 is at least 100 times higher
[25]. At the dose of FITC-fMLP used (5 nM), it is to be ex-
pected that only the FPR will be stained. Specific antibodies
were used to detect the two high-affinity receptors for IL-8
Figure 1. G-CSF and GM-CSF promote neutrophil survival. Neutrophils were cultured for 16 to 18 hours without or with growth factors (both 20 ng/mL).

Afterward, the cells were labeled with Annexin-V-FITC and PI and analyzed by FACS. Viable cells are negative for Annexin-V-FITC and PI staining (lower

left quadrant on each plot). Numbers represent the mean 6 SEM of 10 experiments. *p ! 0.001(growth factors vs no addition). G-CSF was more efficient in

preventing apoptosis than GM-CSF (p ! 0.05).
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(CXCL8) and the receptor CXCR4 for SDF-1a (CXCL12),
which has been described to be expressed at the mRNA
level in neutrophils [19] but nonfunctional in chemotaxis
[26].

In accordance with the migratory responses, cultured
neutrophils were found to have a reduced surface expres-
sion of FPR, CXCR1, and CXCR2 (Fig. 3 and Table 1).
The extent of downregulation was most dramatic in cul-
tured control (untreated) cells for CXCR2 (w95% reduc-
tion compared with fresh cells) and FPR (w85%
reduction), but also the expression of CXCR1 was w60%
reduced compared with fresh cells (Table 1). Double-color
staining demonstrated that CXCR1 was expressed on both
Annexin-Vþ and Annexin-V� cells, whereas CXCR2 was
exclusively expressed on the viable Annexin-V� population
(data not shown).

Figure 2. Chemotaxis of fresh and cultured neutrophils. (A): Chemotaxis

in response to C5a, IL-8, and fMLP (all at 10 nM) or control medium was

measured in freshly isolated neutrophils or neutrophils cultured for 16 to

18 hours with various (0–50 ng/mL) concentrations of G-CSF. Represen-

tative results from 1 experiment out of 3 are shown. (B): Neutrophils

were cultured for 16 to 18 hours without or with growth factors (both 20

ng/mL), and migration response to fMLP, IL-8, and C5a (all at 10 nM)

was measured. Results are presented as (relative to control) maximal slope

fold increase (mean ± SEM) from seven separate experiments. Absolute

values of maximal slope in control were 69 6 14, 81 6 23, and 74 6 8

RFU/min (mean ± SEM) in response to fMLP, IL-8, and C5a, respectively.
Contrary to the downregulation of receptors for fMLP
and IL-8 on apoptotic neutrophils, CXCR4 was upregulated
upon culture (Fig. 3). Double-color staining showed that
most of the CXCR4 was expressed on the Annexin-Vþ pop-
ulation and little or no expression was found on viable
Annexin-V� cells. Protein synthesis inhibition by cyclohex-
imide (2 mg/mL) blocked culture-dependent CXCR4
upregulation completely, as demonstrated before [19],
while leaving the downregulation of FPR and CXCR1
and -2 unaffected (not shown). These findings indicate
that the regulation of chemoattractant receptors on cultured
neutrophils is specific for the various receptors.

Neutrophils cultured with G-CSF had preserved to some
extent the expression of FPR, CXCR1, and CXCR2 (Fig. 3
and Table 1). In contrast, cells cultured with GM-CSF had
reduced levels of CXCR1 and CXCR2 expression, leaving
the FPR well expressed. Both G- and GM-CSF prevented
the upregulation of CXCR4 expression on cultured neutro-
phils, which correlated with a reduction in apoptosis.

Calcium signaling by chemoattractant
receptors in cultured neutrophils
To further evaluate the signaling capacity of neutrophils ag-
ing in vitro, we tested the elevation of [Ca2þ]i and the acti-
vation of mitogen-activated protein kinase ERK-1/2 in
response to chemotactic stimuli. The elevation of [Ca2þ]i

in response to IL-8 was severely diminished in GM-CSF-
treated cells as compared with G-CSF-treated cells (peak
[Ca2þ]i of 75 vs 275 nM), whereas the fMLP response
was similar in these cells (data not shown). Apparently,
neutrophils exposed to GM-CSF have downregulated their
CXCR2, and to a lesser extent CXCR1, and showed at the
same time a selective and complete loss in IL-8-dependent
neutrophil chemotaxis and IL-8 receptor signaling. For
[Ca2þ]i measurements and for chemotaxis, we have used
optimal concentrations of fMLP and IL-8. The dose-
response for fMLP- and IL-8-induced changes in cytosolic
[Ca2þ]i, compared with fresh neutrophils, was not affected
by 18 hours of culture, either in the absence or presence of
G-CSF. Thus, at suboptimal concentrations of fMLP or
IL-8, comparable results were obtained as with optimal
concentrations (data not shown).

CXCR4 expression on fresh neutrophils was low but re-
producibly detected. When tested over a range of 0.1 to
1000 ng/mL, SDF-1a reproducibly showed a small optimal
concentration range of 30 to 50 ng/mL at which the chemo-
kine induced a brisk rise in [Ca2þ]i. Upon 6 hours of culture
(Fig. 4A), the total neutrophil population expressed more
CXCR4 (geometric mean fluorescence intensity 33 6 4)
and induced [Ca2þ]i changes of approximately 250 nM
above resting value. Furthermore, the optimal concentration
for intact SDF-1a had shifted to 5 to 10 ng/mL, in contrast
to the decreased calcium signaling by fMLP or IL-8. It
is surprising that after 12 hours, the CXCR4 expression
of G-CSF-cultured neutrophils had hardly changed
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Figure 3. Expression of chemoattractant receptors on fresh and cultured neutrophils. Fresh neutrophils or neutrophils cultured for 16 to 18 hours without or

with growth factors (both 20 ng/mL) were labeled with FITC-formyl peptide, which specifically binds to FPR, or specific monoclonal antibodies for CXCR1,

CXCR2, or CXCR4, and their expression levels were determined by FACS. Values represent the geometric mean fluorescence intensity of the specific stain-

ing (shaded peaks). The dotted lines indicate the background staining with irrelevant FITC-labeled peptide or isotype-matched negative control antibodies.

Shown is a representative experiment of seven experiments.
(Fig. 4A), whereas the 10 ng/mL SDF-1a-induced elevation
of [Ca2þ]i was strongly elevated, indicating that there is
a correlation between the CXCR4 receptor expression,
cell apoptosis, and calcium signaling in the first 6 hours
of culture but not at later time points.

Table 1. Regulation of chemoattractant receptor expression by G-CSF

and GM-CSF

Relative level of expression (% of fresh

cell fluorescence intensity)

Culture condition FPR CXCR1 CXCR2

Control 15 6 6 41 6 7 6 6 1

G-CSF 49 6 19 44 6 1 27 6 8

GM-CSF 67 6 5* 32 6 8* 16 6 9

Neutrophils cultured for 16 to 18 hours without or with G-CSF or GM-CSF

(both 20 ng/mL) were tested for expression of FPR and IL-8 receptors

CXCRI and CXCR2 by FACS with FITC-formyl peptide (5 nM) or

specific mAbs. Shown is the relative level of receptor expression as the

percentage of fresh neutrophil expression (% specific geometric mean

fluorescence intensity 6 SEM, n 5 5–7). *p ! 0.05 versus control and

G-CSF.
G-CSF, which delays neutrophil cell death and prevents
increase in CXCR4 expression, did not prevent the calcium
elevation, as was seen under basal conditions (compare
Fig. 4B and D). Although CXCR4 expression increased
upon prolonged culture, further aging again reduced the ca-
pacity of SDF-1a to induce [Ca2þ]i elevations above basal
resting values at later time points (Fig. 4B). This largely co-
incided with the basal [Ca2þ]i levels that increased over
time of culture (Fig. 4D). Whether the Ca2þ stems from
the intracellular stores in neutrophils such as the endoplas-
mic reticulum or depends on entry of extracellular Ca2þ

into the cells remains to be determined.
In contrast to a previous report on neutrophil CXCR4

function [27], we never observed chemotaxis to SDF-1a
over a range of 0.1 to 1.000 ng/mL in either fresh or
upon aging in vitro neutrophils (data not shown).

MEK/ERK-1/2 signaling by
chemoattractant receptors in cultured neutrophils
Involvement of ERK in neutrophil migration has been
suggested by previous studies and may be modulated with
variable potency by growth factors such as GM-CSF and
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Figure 4. Signaling capacity of SDF-1a induced in relation to CXCR4 expression upon culturing of human neutrophils. The cells were cultured without

additions, in the presence of G-CSF (50 ng/mL) or in the presence of cycloheximide (CHX, 2 mg/mL). (A): Levels of CXCR4 expression and % apoptosis

(i.e., Annexin-Vþ). (B): SDF-1a (10 ng/mL)-induced mobilization of calcium. (C): fMLP (1 mM)-induced calcium mobilization. (D): Resting values of in-

tracellular calcium. Representative for three different experiments at 0 and 6 hours; simultaneous experiments at 12 and 18 hours were performed twice.
G-CSF [28,29]. We found that ERK-1/2 is activated in fresh
neutrophils in response to fMLP and IL-8 (Fig. 5A; left
panels). Stimulation by fMLP resulted in a more pro-
nounced ERK-1/2 phosphorylation than with optimal con-
centrations of IL-8 or SDF-1a. Overnight cultured
neutrophils still showed ERK-1/2 phosphorylation in
response to fMLP, anddto a lesser extentdto IL-8
(Fig. 5A). However, the ERK-1/2 activation in G and
GM-CSF-cultured neutrophils was more robust, in particu-
lar upon IL-8 stimulation. In fact, comparable ERK-1/2
phosphorylation upon IL-8 treatment was detected in G-
and GM-CSF-treated cells, whereas we had previously ob-
served a selective downregulation of CXCR2, IL-8-induced
[Ca2þ]i changes, and IL-8-induced chemotaxis in GM-CSF-
cultured neutrophils. This suggests that CXCR1 dominates
over CXCR2 in the generation of an ERK-1/2 response in
neutrophils. When used at optimal concentrations (i.e.,
100 ng/mL), SDF-1a also activated ERK-1/2, both in fresh
and in cultured neutrophils (Fig. 5B), in particular during
the early phase of cell death. G-CSF prevented the upregu-
lation of CXCR4 and the concomitant ERK-1/2 activation
by SDF-1a. This suggests that only the increased number
of cells expressing CXCR4 at the early stage of chemokine
receptor induction during cell death results in increased
SDF-1a-mediated signaling.
In contrast to earlier findings in apoptotic neutrophils
[28], degradation of total ERK was not observed (Fig. 5,
right panels). Thus, despite the extensive downregulation
of the FPR and IL-8-receptors during culture, aging neutro-
phils are still able to respond to fMLP, IL-8, and SDF-1a
stimulation, as illustrated by the activation of the ERK-1/
2 cascade.

Discussion
Aging of neutrophils in vitro is accompanied by progressive
loss of function. Over time, the ability to adhere, migrate,
phagocytize, and produce oxygen radicals is strongly re-
duced [10]. Many factors have been implicated in promot-
ing neutrophil survival, but whether and to which extent
these factors preserve the functional abilities of these cells
is still largely unknown. In the present study we found that
both G- and GM-CSF not only delay neutrophil apoptosis
but also preserve the chemotactic response. G- and GM-
CSF had a different impact on the neutrophil functions.
GM-CSF was less efficient in preventing apoptosis than
G-CSF (see Fig. 1). In addition, G-CSF preserved motility
to a larger extent, and GM-CSF did not preserve the neutro-
phil chemotactic response to IL-8 at all. Taking Annexin-V
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Figure 5. ERK-1/2 phosphorylation in fresh and cultured neutrophils. (A): Fresh neutrophils and cells cultured for 16 to 18 hours without or with growth

factors (both 50 ng/mL) were incubated for 5 minutes without stimulus (lane 1), with 1 mM fMLP (lane 2), or with 10 nM IL-8 (lane 3). Total cell lysates were

analyzed by Western blotting with a phosphospecific mAb against ERK-1/2 (left panels). To check for protein loading, the blots were reprobed with an an-

tibody that recognizes total ERK-1/2, irrespective of its phosphorylation state (right panels). Both antibodies recognized ERK-1 (upper band) and ERK-2

(lower band). (B): Fresh neutrophils and cells cultured for 6, 12, and 18 hours with or without G-CSF (50 ng/mL) were incubated for 5 minutes without

stimulus (–, lane 1), with fMLP (1 mM, lane 2) or with SDF-1a (100 ng/mL, lane 3). The results shown are representative of three independent experiments.
binding as a well-characterized sign of early apoptosis, our
study provides evidence that the chemotactic activity of vi-
able cells after culture with G- or GM-CSF was only 40 to
50% of the activity found with freshly isolated cells.

Neutrophils move along chemoattractant concentration
gradients in which their high-affinity chemoattractant re-
ceptors are likely to become deactivated through receptor
phosphorylation and/or sequestration mechanisms [18,25].
Some studies suggest that distinct high- and low-affinity re-
ceptors for the same chemoattractant may work as a relay to
sensitize the cell throughout the gradient. Such high-affinity
and low-affinity receptors have been identified for CXC
chemokines for CXCR1, as well as MIP-1b/MCP-1 for
CCR1 [30,31]. We tried to correlate the loss in functionality
to the level of GPCRs for chemotactic stimuli and their sub-
sequent signaling capacity. Neutrophils in culture indeed
downregulated the expression of FPR and CXCR2. In con-
trast, the reduction in CXCR1 expression was only modest,
and CXCR4, which is almost undetectable on fresh cells,
was upregulated on cultured neutrophils, in particular on
apoptotic Annexin-Vþ cells. Neutrophils in the synovial
fluid of inflamed joints appear to have an identical chemo-
attractant-receptor expression profile (downregulated
CXCR1 and CXCR2, and upregulated CXCR4) [32], sup-
porting the relevance of our in vitro findings.

Modulation of chemoattractant receptor expression dur-
ing the life span of a neutrophil will govern the trafficking
of these cells in vivo. Downregulation of the chemoattrac-
tant receptors likely prevents aged and apoptotic neutro-
phils from responding to inflammatory chemoattractants
(i.e., IL-8, fMLP, and C5a). As a result, cells cannot leave
the bloodstream and will ultimately be cleared by macro-
phages in the liver and spleen. This might reflect a mecha-
nism to prevent the entrance of functionally incompetent
neutrophils at the inflammation site and to prevent recruited
cells to exit. The relevance of CXCR4 expression on apo-
ptotic neutrophils remains to be established, as we observed
no chemotactic response to SDF-1a (CXCL12). Martin and
colleagues [27] have demonstrated chemotaxis of aged mu-
rine neutrophils toward SDF-1 in a CXCR4þ Annexin-V�

cell population. However, in contrast to Martin and col-
leagues [27], CXCR4 upregulation under our experimental
conditions was observed on Annexin-Vþ neutrophils only.
Probably, CXCR4 has a function in attenuating neutrophil
reactions to inflammatory chemoattractants [27] and in up-
regulating TRAIL and TRAIL receptor (thus accelerating
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apoptosis) [33] and/or contributes to the recognition by
macrophages of apoptotic neutrophils [19,23].

Both G- and GM-CSF are pleiotropic factors that drive
the formation of granulocytes in the bone marrow compart-
ment as well as modulate survival and function of mature
neutrophils [11,14]. Both G- and GM-CSF prevented the
downregulation of the fMLP receptor FPR and preserved
the fMLP response in chemotaxis. Also, the chemotactic re-
sponse to C5a was improved in the presence of both cyto-
kines, suggesting a functional preservation of the C5aR.
Comparing the different effects of G- and GM-CSF on neu-
trophils aging in vitro, a selective nonresponsiveness by
downregulation of CXCR2 cannot explain our findings
with IL-8. It would mean that chemotaxis or [Ca2þ]i

changes are only induced by CXCR2, and ERK-1/2 phos-
phorylation by CXCR1. CXCR1 and -2 have similar affin-
ity for IL-8 and induce similar signals and cellular
functions upon transfection [18]. Thus, major changes in af-
finity cannot explain our data either, given the unchanged
optimal concentrations of IL-8 for these functional re-
sponses. Downregulation via secreted IL-8 upon GM-CSF
(and not G-CSF) culture may be an explanation but only
when simultaneous desensitization and downregulation
are assumed to occur. However, desensitization was only
partial, because some signaling cascades remained rela-
tively intact upon stimulation with IL-8, even though che-
motaxis was impaired. Therefore, we assume that
signaling cascades are differentially involved in the reduced
functionality of neutrophils [34]. A dramatic reduction of
[Ca2þ]i changes in viable Annexin-V� neutrophils takes
place irrespective of the chemotactic stimulus (or dose)
used, while at the same time ERK-1/2 activation occurs
seemingly more efficiently, considering the decreased re-
ceptor number per cell.

Also, the effects of fMLP cannot be explained by the
two-receptor concept [25,35]. Calcium mobilization is
seen in cells transfected with FPR or FPRL1 but chemo-
taxis only in cells transfected with FPR, not in cells trans-
fected with the low-affinity FPRL1 [25]. Taken together,
changes in the FPR must explain all functional alterations
toward fMLP upon aging in vitro. Mechanisms at the level
of receptor recycling, different localization of FPR in the
plasma membrane, accessibility of signaling proteins such
as phospholipase C-beta 2, or a combination of these factors
may be involved. Suzuki and colleagues [28] found de-
creased superoxide release and adherence and phosphoryla-
tion of ERK and p38 MAPK in neutrophils undergoing
apoptosis, with concomitant N-terminal cleavage of these
signaling enzymes. We found normal ERK activation
(Fig. 5) and p38 MAPK activation (data not shown) in cul-
tured neutrophils and only slightly decreased responses in
the apoptotic cell cultures in the absence of any growth fac-
tor (Fig. 5A; cultured cells, 80% Annexin-Vþ).

Externalization of PS to the outer leaflet of the plasma
membrane is an early event of the so-called execution
phase of apoptosis [1,7]. As shown in this study, these
Annexin-Vþ neutrophils had completely lost their func-
tional activity for chemotaxis. In conclusion, G- and
GM-CSF preserve the function of neutrophils by delaying
decay in GPCRs, signaling cascades and consecutive
apoptosis.

Neutrophil IL-8 production may reflect an amplification
mechanism to enhance recruitment of neutrophils. Not only
GM-CSF can stimulate IL-8 production in neutrophils,
other inflammatory factors have been suggested to do so
[36,37]. Another consequence of high IL-8 levels is that
the recruited neutrophils are desensitized for additional
IL-8 signals, which results in a lack of chemotactic
response to IL-8. Indeed, systemic administration of
GM-CSF in vivo (7.5 mg/kg) in healthy volunteers induces
elevated plasma levels of IL-8 (peak of 55 pg/mL at 4 hours
after administration) and activation of circulating neutro-
phils [24]. Interestingly, an additional study by Van Pelt
confirmed that neutrophils from these subjects showed
a transient reduction of IL-8-induced chemotaxis (approxi-
mately 75% reduction at 8 to 12 hours after GM-CSF
administration), whereas the responsiveness to C5a re-
mained unaltered [38].

Our current observations on IL-8 and selective downre-
gulation of CXCR2 and chemotaxis in vitro are reminiscent
of clinical conditions of sepsis, trauma, and cardiopulmo-
nary bypass surgery [39–42]. The functional impairment
of neutrophils to respond to IL-8 may represent a physio-
logic autocrine effect of neutrophil-derived IL-8 on extrava-
sated neutrophils. On the other hand, when massively
stimulated, GM-CSF-primed neutrophils will be unable to
leave the bloodstream, leading to intravascular release of
large amounts of neutrophil-derived toxic metabolites and
enzymes.

One can extrapolate from our findings that the loss of
neutrophil functions is not just a consequence of impending
apoptosis. Rather, functional deterioration is a process that
seems to precede the early events of apoptosis as deter-
mined by Annexin-V binding. We found that about one
third of viable, aged neutrophils (defined as Annexin-
V�/ PI�) had already lost several functional abilities. Sim-
ilarly, in experiments in which neutrophil apoptosis was
rapidly induced by activation of Fas, the number of cells
that had lost the ability to adhere to endothelial cells
exceeded the number of Annexin-V-positive cells [43].
Thus, the functional capacity of neutrophils aging in vitro
is reduced or completely lost, in some cases without appar-
ent signs of apoptosis, but this loss can be postponed by
G- and GM-CSF, at a differential level of efficacy.
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