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Introduction
Polymorphonuclear neutrophils (PMNs) are essential cells
in the host defense against a variety of infectious agents. Cir-
culating PMNs require activation to migrate to inflamma-
tory sites and efficiently kill pathogens. Data suggest that
chemokines, in particular interleukin-8 (IL-8), play an
important role in the activation and migration of PMNs (1).
Consistent with this view, IL-8 is frequently detected at
inflammatory sites characterized by PMN invasion (2). IL-
8 is a potent activator of PMNs in vitro, leading to enhanced
chemotaxis, degranulation, adherence, and superoxide gen-
eration (2). In addition, IL-8 activates PMNs at inflamma-
tory sites (3). Granulocyte colony-stimulating factor (G-
CSF) has been shown to upregulate IL-8 receptor
expression on PMNs, suggesting a role for G-CSF in mod-
ulating IL-8–stimulated PMN responses (4).

G-CSF is the principal hematopoietic growth factor reg-
ulating the production of PMNs (5). It is widely used to
treat neutropenia in a variety of clinical settings. Sub-

stantial evidence suggests that, in addition to promoting
PMN production, G-CSF may play a significant role in
regulating mature PMN functions, including CD11b
(6–8) and FcγR1 (9–11) expression, degranulation (12, 13),
phagocytosis (14), adhesion (6–8), and chemokinesis (15,
16). In addition, pretreatment of PMNs with G-CSF ren-
ders the cells more responsive to activating agents. For
example, G-CSF–treated (“primed”) PMNs have an
enhanced superoxide burst in response to the chemotac-
tic peptide N-formyl-methionyl-leucyl-phenylalanine
(fMLP) or complement fragments (8, 17, 18). Because G-
CSF levels are often elevated in the serum and at inflam-
matory sites in septic patients (19, 20), it has been pro-
posed that G-CSF may modulate PMN activation in vivo.

The actions of G-CSF are mediated through its
interaction with the G-CSF receptor (G-CSFR). To
define further the role of G-CSF in the regulation of
PMN production, maturation, and function, we pre-
viously generated G-CSFR–deficient mice. Like G-
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Granulocyte colony-stimulating factor (G-CSF) is a hematopoietic growth factor that is widely used to
treat neutropenia. In addition to stimulating polymorphonuclear neutrophil (PMN) production, G-CSF
may have significant effects on PMN function. Because G-CSF receptor (G-CSFR)–deficient mice do not
have the expected neutrophilia after administration of human interleukin-8 (IL-8), we examined the effect
of the loss of G-CSFR on IL-8–stimulated PMN function. Compared with wild-type PMNs, PMNs iso-
lated from G-CSFR–deficient mice demonstrated markedly decreased chemotaxis to IL-8. PMN emigra-
tion into the skin of G-CSFR–deficient mice in response to IL-8 was also impaired. Significant chemo-
taxis defects were also seen in response to N-formyl-methionyl-leucyl-phenylalanine, zymosan-activated
serum, or macrophage inflammatory protein-2. The defective chemotactic response to IL-8 does not
appear to be due to impaired chemoattractant receptor function, as the number of IL-8 receptors and
chemoattractant-induced calcium influx, actin polymerization, and release of gelatinase B were compa-
rable to those of wild-type PMNs. Chemoattractant-induced adhesion of G-CSFR–deficient PMNs was
significantly impaired, suggesting a defect in β2-integrin activation. Collectively, these data demonstrate
that selective defects in PMN activation are present in G-CSFR–deficient mice and indicate that G-CSF
plays an important role in regulating PMN chemokine responsiveness.
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CSF–deficient mice (21), G-CSFR–deficient mice have
chronic neutropenia (22, 23). No accumulation of
immature myeloid precursors in the bone marrow is
present, suggesting that granulocytic differentiation
of the residual myeloid precursors is normal (22, 23).
Initial studies (22) suggested that the PMNs in G-
CSFR–deficient mice were phenotypically normal
because their morphology; expression of CD11b, Gr-
1, and myeloperoxidase (MPO); and migration into
the peritoneum in response to thioglycollate were
normal. However, a more recent study (24) showed
that IL-8–induced mobilization of PMNs into the
blood was absent in G-CSFR–deficient mice, suggest-
ing a defect in IL-8–induced PMN migration. To
investigate this possibility, we have examined the acti-
vation and function of G-CSFR–deficient PMNs. We
show that significant but selective defects in PMN
activation are present in G-CSFR–deficient mice, sug-
gesting that the G-CSFR provides unique signals
required for normal PMN function.

Methods
Materials. fMLP, MPO (EC 1.11.1.7), and zymosan were purchased
from Sigma Chemical Co. (St. Louis, Missouri, USA). Thiogly-
collate broth was purchased from Difco Laboratories (Detroit,
Michigan, USA). Recombinant human IL-8 was a gift from Mon-
santo/Searle Co. (St. Louis, Missouri, USA). Zymosan-activated
serum (ZAS) was generated as described (25). Murine
macrophage inflammatory protein-2 (MIP-2) was obtained from
R&D Systems Inc. (Minneapolis, Minnesota, USA). Anti–murine
IL-8 receptor orthologue antibody (26) and monoclonal anti-
bodies 5C6 (anti–murine CD11b; ref. 27) and mIAP301
(anti–murine IAP, CD47; ref. 28) have been described previously.

G-CSFR–deficient mice. G-CSFR–deficient mice (outbred
C57BL/6 × 129 SvJ) were generated in our laboratory as

described previously (22). In some experiments, G-CSFR–defi-
cient mice on a pure 129 SvJ genetic background were used. All
mice were housed in a specific pathogen–free environment. In
this environment, G-CSFR–deficient mice are indistinguishable
from wild-type; no increased incidence of clinical infections was
observed. Six-to 10-week-old wild-type and G-CSFR–deficient
mice were used for studies. All experiments were approved by
the Washington University Animal Studies Committee.

Isolation of PMNs. PMNs were purified from bone marrow of
mice using a discontinuous Percol gradient as described previ-
ously (29). Unless otherwise stated in the text, PMN purity (as
assessed by examination of Wright-stained cytospin prepara-
tions) was 75%–85% for wild-type preparations and 40%–60%
for G-CSFR–deficient preparations. Thioglycollate-elicited
PMNs were harvested from the peritoneal space 4 h after an
intraperitoneal injection of 1 ml of thioglycollate. PMN purity
was 75%–85% and 50%–60% for wild-type and G-CSFR–defi-
cient preparations, respectively.

Chemotaxis assay. PMN chemotaxis was quantified using a mod-
ification of the Boyden chamber technique (30). A cell suspension
containing 3.0 × 106 PMN/ml (the total cell number loaded per
well was adjusted to give equal numbers of PMNs) in HBSS with
1 mM CaCl2, 1 mM MgCl2 containing 0.1% BSA, was placed in the
top wells of a 48-well microchemotaxis chamber (Neuro Probe
Inc., Bethesda, Maryland, USA). A polyvinylpyrolidone (PVP)-free
polycarbonate filter (3-µm pore size; Poretics Products, Livermore,
California, USA) separated the cells from lower wells containing
the indicated chemoattractant. The chamber was incubated for
90 min at 37°C in a 5% CO2 humidified atmosphere. After incu-
bation, the filter was stained with LeukoStat (Fisher Scientific Co.,
Pittsburgh, Pennsylvania, USA), and the number of PMNs on the
undersurface of the filter was counted in five random high-power
fields (×400) for each of triplicate filters.

IL-8 receptor orthologue expression. Bone marrow mononuclear
cells were incubated with FITC-conjugated anti–Gr-1
(PharMingen, San Diego, California, USA) and the F(ab′)2

fragments of either rabbit anti–mouse IL-8 receptor orthologue
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Figure 1
Granulocyte colony-stimulating factor receptor (G-CSFR)–deficient PMN chemotaxis. PMN chemotaxis was determined in modified Boyden cham-
bers with bone marrow–purified PMNs (a) or thioglycollate-elicited peritoneal PMNs (b). Buffer alone (HBSS), N-formyl-methionyl-leucyl-pheny-
lalanine (fMLP; 0.1 mM), zymosan-activated serum (ZAS; 5% vol/vol), or the indicated amount of human interleukin-8 (IL-8) was used as chemoat-
tractant. The average number of PMNs per high-power field (PMN per HPF) ± SE of triplicate samples is shown. Data are representative of three
separate experiments. PMN, polymorphonuclear neutrophil.



antibody or control rabbit antisera (26). Subsequently, cells
were incubated with phycoerythrin (PE)-conjugated goat
anti–rabbit antibody and analyzed using a FACScan flow
cytometer (Becton Dickinson, Mansfield, Massachusetts, USA)
and CellQuest version 1.2.2 software (Becton Dickinson).

Chemoattractant-induced calcium influx. Bone marrow neu-
trophils were loaded with the calcium-sensitive dye fluo-3 (9
µM acetoxymethyl ester fluo-3; Molecular Probes Inc., Eugene,
Oregon, USA) for 30 min at room temperature in HBSS. Cells
were stained with PE-conjugated anti–Gr-1 antibody, washed,
and then resuspended in HEPES buffer (137 mM NaCl, 5 mM
KCl, 1 mM Na2HPO4, 5 mM glucose, 1 mM CaCl2, 0.5 mM
MgCl2, 0.1% BSA, and 10 mM HEPES; pH 7.4). Anti-fluores-
cein antibody was added per manufacturer’s recommenda-
tions (Molecular Probes Inc.) to quench extracellular fluo-3
signals. The indicated agonist was added, and cellular fluo-3
fluorescence was measured continuously for 90 s using a Coul-
ter ESP flow cytometer (Coulter Electronics Ltd., Hialeah,
Florida, USA). Data represent the mean fluorescent intensity
of 5-s intervals and are gated for Gr-1–positive cells.

Gelatinase B degranulation. Bone marrow PMNs in HBSS with
1 mM CaCl2, 1 mM MgCl2, and 0.1% BSA were incubated with
the indicated chemoattractant at 37°C for 5 min. Supernatants
were collected after centrifugation at 500 g for 5 min and stored
at –70°C. The gelatinase B present in the supernatant was
measured by gelatin zymography as described previously (31).

CD11b expression. Bone marrow PMNs were incubated with
PE-conjugated CD11b (Mac-1) or isotype control (PharMin-
gen) for 5 min at 37°C and then stimulated with buffer, IL-8 (3
µg/ml), or fMLP (0.1 mM) for 10 min at 37°C. Cells were
promptly transferred to 4°C, incubated with FITC-conjugated
anti–Gr-1 in the presence of sodium azide (0.2%), and analyzed
using a FACScan flow cytometer (Becton Dickinson). Results
were gated for Gr-1–positive cells.

Superoxide generation. Superoxide anion (O2–) generation was
measured as described (32). Briefly, 1.5 × 105 bone marrow
PMNs suspended in HBSS with 1 mM CaCl2, 1 mM MgCl2, and
50 µM ferricytochrome C (Sigma Chemical Co.) were incubat-
ed in 96-well plates at 37°C for 3 min. The OD550 was measured
before and after incubation with agonist at 37°C. As controls,
duplicate wells were incubated in the presence of superoxide
dismutase (180 U/ml; Sigma Chemical Co.). All analyses were
performed using an Emax microplate reader (Molecular
Devices, Sunnyvale, California, USA).

PMN adhesion. PMN adhesion to FBS-coated plates was meas-
ured as described previously (33). Bone marrow PMNs were
loaded with calcein-AM (Molecular Probes Inc.) at 1–2 µg/ml
for 30 min at room temperature. After washing, PMNs were
resuspended at 2 × 106/ml in HBSS with 0.1% BSA (the total cell
number was adjusted to give equal numbers of PMNs). A total
of 50 µl of the PMN suspension was layered onto FBS-coated
96-well Immulon 2 plates (Dynatech, Chantilly, Virginia, USA),
allowed to settle for 6 min at room temperature, and then incu-
bated with the indicated agonist at 37°C. At the indicated time,
fluorescence was read at Ex 485/Em 538 nm using an fMax flu-
orescence plate reader (Molecular Devices). The wells were then
washed twice with PBS to remove nonadherent PMNs, and the
fluorescence was remeasured. The adhesion index is the fluo-
rescence after washing divided by the fluorescence before wash-
ing (×100) and represents the percentage of adherent cells.

Chemoattractant-induced F-actin polymerization. Bone marrow
PMNs were incubated with PE-conjugated anti–Gr-1 antibody,
washed, and then stimulated with IL-8 (3 µg/ml) at 37°C for
the indicated times. Cells were simultaneously fixed and
stained with a FITC-phalloidin solution (4.0 × 10–7 mol/l FITC-
phalloidin [Molecular Probes Inc.], 0.5 mg/ml 1-α-lysophos-
phatidylcholine [Sigma Chemical Co.], and 18% formaldehyde
[Sigma Chemical Co.]) as described previously (34). The mean

fluorescence of Gr-1–positive cells was measured using a FAC-
Scan flow cytometer (Becton Dickinson).

PMN emigration into the skin. IL-8 (50 ng in 50 µl of PBS with
0.1% endotoxin-free BSA) or PBS with BSA was injected intra-
dermally into the abdomen of mice. In some experiments, mice
were given both IL-8 and PBS injections at well-separated sites.
Four hours after injection, the skin at the injection site (∼ 0.25
cm2) was excised and homogenized in buffer containing 0.1 M
Tris-Cl (pH 7.6), 0.15 M NaCl, and 0.5% hexadecyl trimethyl
ammonium bromide. MPO activity was measured by the
change in OD450 resulting from the decomposition of H2O2 in
the presence of o-dianisidine (Sigma Chemical Co.) (35). The
results were normalized for total protein content using the Bio-
Rad dye binding assay (Bio-Rad Laboratories Inc., Hercules,
California, USA). A portion of the excised skin was fixed in 10%
buffered formalin for 24 h, embedded in paraffin, sectioned at
5 µm, and stained with hematoxylin and eosin (H&E).

Results
G-CSFR–deficient PMNs have impaired chemotaxis. The failure
to mobilize PMNs into the peripheral circulation of G-
CSFR–deficient mice after IL-8 administration suggested
a defect in IL-8–induced PMN migration. To test this
hypothesis, we measured PMN chemotaxis in response to
IL-8, the chemotactic peptide fMLP, ZAS (a source of C5a),
or MIP-2. Morphologically mature PMNs isolated from
the bone marrow of G-CSFR–deficient mice demonstrat-
ed significantly reduced chemotaxis in response to fMLP,
ZAS, or MIP-2 and nearly absent chemotaxis in response
to IL-8 (Fig. 1a, and data not shown). Similar results were
obtained with PMNs isolated from the bone marrow of
inbred 129SvJ G-CSFR–deficient mice (data not shown),
demonstrating that the chemotactic defect was due to the
loss of the G-CSFR and not mouse strain differences.
Because G-CSFR–deficient mice have decreased numbers
of mature PMNs in their bone marrow, it is possible that
PMNs isolated from the bone marrow of these mice may
not be fully mature. To address this issue, we measured the
chemotactic response of thioglycollate-elicited peritoneal
PMNs. Although quantitatively reduced relative to wild-
type mice, thioglycollate injection into the peritoneum of
G-CSFR–deficient mice results in the recruitment of a sim-
ilar uniform population of mature-appearing PMNs (22).
These PMNs also demonstrated a decreased chemotactic
response to fMLP, ZAS, or MIP-2 and a nearly absent
response to IL-8 (Fig. 1b, and data not shown). Collective-
ly, these data show that the G-CSFR is required for normal
neutrophil chemotaxis in vitro.

Mouse IL-8 receptor orthologue expression is normal in G-
CSFR–deficient PMNs. A report (4) suggested that G-CSF
may regulate the expression of both human IL-8 receptors
(CXCR1 and CXCR2). In mice, a single receptor for
human IL-8 has been identified (36–38). To determine
whether reduced IL-8 receptor orthologue expression
could account for the impaired IL-8–induced PMN
chemotaxis, we examined IL-8 receptor expression on G-
CSFR–deficient PMNs. Flow cytometric analysis of bone
marrow PMNs using a specific anti–murine IL-8 receptor
orthologue antibody (4) demonstrated a similar pattern
of binding, indicating that IL-8 receptor orthologue
expression on G-CSFR–deficient PMNs is normal (Fig. 2).

Chemoattractant-induced calcium influx is normal in G-
CSFR–deficient PMNs. We next examined the ability of G-
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CSFR–deficient PMNs to influx calcium after chemoat-
tractant stimulation. Calcium influx is an early biochem-
ical marker of chemoattractant signaling and requires a
functional chemoattractant receptor. The chemoattrac-
tant-induced increase in cytoplasmic free Ca2+ in bone
marrow PMNs was examined by flow cytometry. The
kinetics and magnitude of calcium influx in G-
CSFR–deficient PMNs in response to IL-8, fMLP, or ZAS
were comparable to those in wild-type PMNs (Fig. 3). Fur-
thermore, G-CSFR–deficient PMNs demonstrated a sim-
ilar IL-8 dose–response relationship as did wild-type
PMNs (data not shown). These data provide evidence that
the expression and function of chemoattractant receptors
in G-CSFR–deficient neutrophils are normal.

Superoxide generation in response to phorbol myristate acetate
is normal in G-CSFR–deficient PMNs. G-CSF treatment
primes PMNs to generate superoxide in response to
chemoattractant stimulation (8, 17, 18). We therefore
examined the effect of the loss of G-CSFR signals on the
generation of superoxide by PMNs. In response to phor-
bol myristate acetate (PMA), superoxide generation in G-
CSFR–deficient bone marrow PMNs was comparable to
that of wild-type PMNs (Fig. 4). Unfortunately, we were
unable to detect superoxide generation consistently after

fMLP, ZAS, IL-8, or MIP-2 stimulation of either wild-
type or G-CSFR–deficient bone marrow PMNs.

Chemoattractant-induced degranulation of secondary and terti-
ary granules is normal in G-CSFR–deficient PMNs. An impor-
tant functional property of PMNs is their ability to release
granule contents in response to agonists. We examined two
separate measures of PMN degranulation: gelatinase B
release and upregulation of cell surface CD11b (Mac-1)
expression. Gelatinase B is expressed in PMNs and is stored
in secondary and tertiary (gelatinase) granules (39). Treat-
ment of wild-type PMNs with IL-8 or fMLP resulted in the
substantial release of gelatinase B into the supernatant as
measured by gelatin zymography (Fig. 5a). A similar pattern
was observed with G-CSFR–deficient PMNs. CD11b is the
major β2 integrin expressed in PMNs and is stored in sec-
ondary and tertiary granules and secretory vesicles (39, 40).
Stimulation of wild-type or G-CSFR–deficient PMNs with
IL-8 or fMLP induced a similar upregulation of cell surface
CD11b expression (Fig. 5b). Collectively, these data suggest
that chemoattractant-induced release of secondary and ter-
tiary granules is normal in G-CSFR–deficient PMNs.

Adhesion is defective in G-CSFR–deficient PMNs. The adhe-
sion of PMNs to a surface is an early step in chemotaxis.
Relative to wild-type PMNs, stimulation of G-
CSFR–deficient PMNs with IL-8, fMLP, or ZAS induced
substantially less adhesion at early (three minutes after
stimulation) time points (Fig. 6). Likewise, PMA-induced
adhesion was also decreased in G-CSFR–deficient PMNs.
As reported previously (33), incubation of cells with an
anti–β2 integrin antibody, but not an antibody directed
against CD47, substantially reduced the adhesion of
both wild-type and G-CSFR–deficient PMNs (data not
shown), demonstrating an important role for β2 inte-
grins in PMN adhesion. Collectively, these data show
that chemoattractant- and PMA-induced rapid adhesion
of G-CSFR–deficient PMNs is impaired and suggest that
β2-integrin activation is defective.

Chemoattractant-induced F-actin polymerization is normal in G-
CSFR–deficient PMNs. The ability of agonists to induce actin
polymerization is essential for cell adhesion and chemo-
taxis. IL-8–induced increases in F-actin content in bone
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Figure 2
IL-8 receptor orthologue expression. Bone marrow–purified PMNs were incu-
bated with anti–murine IL-8 receptor orthologue antibody or control anti-
body and analyzed by flow cytometry. Results are gated for Gr-1–positive
(granulocytic) cells. Data are representative of three separate experiments.

Figure 3
Chemoattractant-induced calcium influx. Bone
marrow–purified PMNs were loaded with the
calcium sensitive dye fluo-3 and stimulated (at
time 0) with buffer alone (control) or the indi-
cated stimulant. Changes in cytoplasmic free
Ca2+ were measured continuously by flow
cytometry. Data are representative of three sep-
arate experiments.



marrow PMNs were examined by flow cytometry. The
kinetics and magnitude of the increase and subsequent
decrease in F-actin content in G-CSFR–deficient PMNs in
response to IL-8 were comparable to those for wild-type
PMNs (Fig. 7). These data suggest that IL-8–induced actin
polymerization in G-CSFR–deficient neutrophils is normal.

PMN recruitment in response to IL-8 is impaired in vivo. To
determine whether the defect in PMN chemotaxis result-
ed in impaired PMN emigration in vivo, we examined PMN
recruitment into the skin of G-CSFR–deficient mice in
response to IL-8. IL-8 (or buffer alone) was injected intra-
dermally. Four hours later, the skin and underlying sub-
cutaneous tissue at the injection site were excised. PMN
recruitment was assessed by measuring MPO activity in
protein extracts prepared from this tissue and by micro-
scopic examination of H&E stained tissue; importantly, we
have shown previously (22) that the MPO activity of G-
CSFR–deficient PMNs is normal. As reported previously
(41), IL-8 injection into the skin of wild-type mice resulted
in nearly an eightfold increase in MPO activity compared
with that for mice treated with buffer alone (Fig. 8). In con-
trast, no significant increase in MPO activity was detected
in IL-8–treated G-CSFR–deficient mice. Likewise, histo-
logical examination of the skin demonstrated that intra-
dermal injection of IL-8 in the skin provoked a prominent
PMN infiltration in wild-type mice but not in G-
CSFR–deficient mice (data not shown). Although the neu-
tropenia present in G-CSFR–deficient mice might have
contributed to the impaired response, the absence of any
significant PMN recruitment suggests that IL-8–induced
PMN migration is defective in these mice.

Discussion
G-CSF is widely used in the treatment of infectious dis-
eases, especially when associated with neutropenia.
Although the ability of G-CSF to stimulate PMN produc-

tion is well documented, the biologic importance of G-
CSF in regulating mature PMN function is less clear. G-
CSF has been reported to modify a variety of PMN func-
tions, including chemotaxis (15, 16), respiratory burst (8,
17, 18), degranulation (12, 13), expression of CD11b (6–8)
and FcγR1 (9–11), adhesion (6–8), and phagocytosis (14).
However, many of these observations were made by com-
paring the phenotype of PMNs isolated from G-
CSF–treated compared with untreated healthy volunteers,
so that some of the observed effects of G-CSF on PMN
function may be due to an indirect mechanism. In this
study, we have examined the consequences of the absence
of G-CSFR signals on PMN phenotype. We show that G-
CSFR–deficient PMNs have significant but selective func-
tional defects, indicating that the G-CSF receptor is pro-
viding unique signals required for normal PMN function.

Considerable controversy exists as to the importance
of cytokine signals in the terminal differentiation of
hematopoietic cells. Studies of G-CSF– and G-
CSFR–deficient mice have demonstrated that the pro-
duction of morphologically normal mature PMNs is pre-
served, albeit at reduced levels (21–23). In addition, we
recently showed (42) that transduction of primary
hematopoietic progenitors with a retrovirus encoding
for a chimeric receptor containing the extracellular and
transmembrane domains of the G-CSFR fused to the
cytoplasmic domain of the erythropoietin receptor was
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Figure 4
Superoxide generation. Superoxide dismutase–inhibitable cytochrome c reduction was assessed
after stimulation with PMA (100 ng/ml) by measuring OD at 550 nm (OD550). Data represent the
mean ± SD of triplicate determinations. Data are representative of three separate experiments.

Figure 5
Degranulation. (a) Gelatinase B release. Bone marrow–purified PMNs were stimulated with buffer alone (lanes 1 and 6), fMLP (0.1 mM; lanes 2 and
7), IL-8 (0.1 µg/ml; lanes 3 and 8), IL-8 (3 µg/ml; lanes 4 and 9), or IL-8 (30 µg/ml; lanes 5 and 10), and the amount of gelatinase B released into
the supernatant was analyzed by gelatin zymography. Zones of enzymatic activity appear as unstained bands. (b) CD11b upregulation. Bone mar-
row–purified PMNs were stimulated with buffer alone, interleukin-8 (IL-8; 3 µg/ml), or N-formyl-methionyl-leucyl-phenylalanine (fMLP; 0.1 mM),
and the expression of CD11b on Gr-1–positive cells was measured by flow cytometry. Data are representative of three separate experiments.



able to support the production of morphologically
mature PMNs in response to G-CSF. Collectively, these
data indicate that the signals generated by the G-CSFR
are not required for terminal granulocytic differentia-
tion. However, the present study clearly demonstrates
that the G-CSFR is providing unique signals required for
normal PMN function. In similar fashion, GM-
CSF–deficient mice, while having normal macrophage
number and morphology, have a defect in macrophage
function that leads to a clinical syndrome with features
of pulmonary alveolar proteinosis (43–45).

Priming of the respiratory burst is a well-established
effect of G-CSF on PMN function. Pretreatment of PMNs
with G-CSF significantly enhances fMLP-induced, but
not PMA-induced, respiratory burst (8). Although the
molecular mechanism(s) responsible for the priming
effect of G-CSF is not known, it has been shown that G-
CSF does not affect fMLP receptor number, affinity, or
agonist-induced calcium influx (8). In this study, we
found that superoxide generation in G-CSFR–deficient
PMNs after PMA treatment is comparable to that of wild-
type PMNs, indicating that the reduced nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase sys-
tem is intact. However, superoxide generation was not
detected consistently after stimulation of wild-type or G-
CSFR–deficient PMNs with IL-8 and other chemotactic
factors, so we were unable to ascertain whether the
absence of G-CSFR signals has effects on chemoattrac-
tant-induced superoxide generation.

The effects of G-CSF on PMN chemotaxis are contro-
versial. G-CSF is reported to have a modest chemokinet-
ic effect on neutrophils (15), and G-CSF treatment
increases PMN migration across vascular endothelium
(15, 16), but the intraperitoneal injection of G-CSF does
not result in a significant accumulation of PMNs (19).
Furthermore, PMN migration into the peritoneum in
response to thioglycollate or casein injection is nearly
normal in G-CSFR–deficient (22) or G-CSF–deficient
(21) mice, respectively. In this study, we show that G-
CSFR–deficient PMNs have a marked defect in their
chemotactic response to a broad range of IL-8 concen-
trations. Significant defects in chemotaxis were also seen
in response to fMLP, ZAS, or MIP-2, demonstrating that
this defect is not restricted to IL-8. Initially, we consid-
ered the possibility that the chemotaxis defect was due

to PMN immaturity in G-CSFR–deficient mice. Howev-
er, the normal PMN morphology, superoxide generation,
and gelatinase B expression (a marker of terminal PMN
differentiation) argue against this possibility. The fact
that thioglycollate-elicited G-CSFR–deficient PMNs
(which are uniformly mature-appearing) demonstrated
similar chemotactic responses provides further evidence
that the chemotactic defect in G-CSFR–deficient PMNs
is not due to PMN immaturity.

To explore potential mechanisms for the chemotaxis
defect, we examined chemoattractant receptor expres-
sion and function in G-CSFR–deficient PMNs. G-CSF
has been shown to regulate IL-8 receptor expression in
PMNs (4). Unlike humans, in mice a single receptor for
IL-8 has been identified, and it is most homologous to
the IL-8 type B receptor (CXCR2; refs. 36–38). Cell sur-
face expression of this receptor on G-CSFR–deficient
PMNs is normal, indicating that G-CSFR signals are not
required for IL-8 receptor expression in mice. Further-
more, IL-8–induced increases in cytoplasmic free Ca2+

and IL-8–induced degranulation, as measured by gelati-
nase B release and upregulation of cell surface CD11b
expression, were normal in G-CSFR–deficient PMNs.
Collectively, these data indicate that IL-8 receptor expres-
sion and function are normal.

Reversible actin polymerization is an early required step
in neutrophil chemotaxis and adhesion. The molecular
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Figure 7
IL-8–induced F-actin polymerization. Bone marrow–purified PMNs were stimulated with
buffer alone or interleukin-8 (IL-8; 3 µg/ml) for the indicated times, and the F-actin con-
tent of Gr-1–positive (granulocytic) cells was measured by flow cytometry. Data are rep-
resentative of three separate experiments.

Figure 6
Adhesion. An equal number of calcein-AM–loaded bone marrow–purified PMNs were layered onto
FBS-coated 96-well plates and stimulated with buffer alone (HBSS), N-formyl-methionyl-leucyl-pheny-
lalanine (fMLP; 0.1 mM), ZAS (0.5% vol/vol), IL-8 (3 µg/ml), or PMA (100 ng/ml) for 3 min at 37°C.
Fluorescence (at 538 nm) was measured before and after washing to remove nonadherent PMNs. The
adhesion index is the fluorescence after washing divided by the fluorescence before washing (×100)
and represents the percentage of adherent cells. Results were corrected for the percentage of PMNs
present in the starting sample. Data represent the mean ± SD of triplicate determinations and are rep-
resentative of four separate experiments.



mechanism by which chemoattractants stimulate actin
polymerization in PMNs is incompletely understood. It is
clear that neither increases in cytoplasmic free Ca2+ nor
activation of protein kinase C are required for IL-8– or
fMLP–induced actin polymerization (46). In this study, we
found that IL-8–induced increases and subsequent
decreases in F-actin content were normal in G-CSFR–defi-
cient PMNs, demonstrating that G-CSFR signals are not
required for actin polymerization and depolymerization.

β2-integrin activation on PMNs is thought to play a crit-
ical role in PMN adhesion and chemotaxis (47). This con-
clusion is best exemplified by studies of patients with
leukocyte adhesion deficiency (LAD) who have a defect in
the gene encoding for the β subunit (CD18) of β2 integrins
(48). LAD is manifest by prominent leukocytosis, failure of
PMN emigration to sites of inflammation, and recurrent
bacterial infections (49). In vitro, LAD PMNs are deficient
in their ability to orient and to migrate in response to
chemoattractant gradients (50). In this study, we show
impaired chemoattractant-induced adhesion of G-
CSFR–deficient PMNs to FBS-coated plates. PMN adhe-
sion to FBS-coated plates has been shown to depend large-
ly on the activation of β2 integrins (33). Given that the cell
surface expression of CD11b (the major β2 integrin on
neutrophils) on G-CSFR–deficient PMNs is normal and is
appropriately upregulated after chemoattractant stimula-
tion, this result suggests that chemoattractant-induced β2-
integrin activation is impaired.

On resting neutrophils, β2 integrins bind poorly to their
ligands. In response to various activating stimuli (includ-
ing chemoattractants), the avidity of β2 integrins for their
ligands is increased, a process termed “inside-out’ signal-
ing (51). The molecular mechanisms responsible for
inside-out signaling are incompletely understood. Recent-
ly, the Rho family of small-molecular-weight guanosine
triphosphatase (GTPase) has been implicated in chemoat-
tractant-induced β2-integrin activation (52). Treatment
of PMNs with C3 transferase exoenzyme (a specific
inhibitor of Rho proteins) blocked chemoattractant-
induced chemotaxis and chemoattractant- and PMA-
induced adhesion but did not effect chemoattractant-
induced calcium flux, degranulation, or superoxide gen-
eration (53, 54). This pattern of dissociation looks similar
to that seen with G-CSFR–deficient PMNs, suggesting
that Rho activation may be suppressed in G-CSFR–defi-
cient PMNs. Although G-CSF–induced Rho activation
has not been reported, G-CSF stimulation does activate
Ras, another small-molecular-weight GTPase (55).

IL-8 is thought to be a major regulator of PMN activa-
tion and migration in vivo. Our recent observation that
IL-8 administration to G-CSFR–deficient mice failed to
induce the expected increase in circulating PMNs sug-
gested a defect in IL-8–induced PMN migration in vivo.
Consistent with this conclusion, in the present study we

show that PMN recruitment into the skin of G-
CSFR–deficient mice in response to IL-8 is markedly
impaired. G-CSFR–deficient mice are neutropenic; it is
therefore possible that the decrease in the level of circu-
lating PMNs may be responsible for the impaired PMN
emigration. This possibility seems unlikely for two rea-
sons. First, we have failed to detect any correlation in this
assay between the level of circulating PMNs and PMN
emigration in wild-type mice (data not shown). Second,
despite the neutropenia, thioglycollate injection into the
peritoneum of G-CSFR–deficient mice results in the
recruitment of a significant number of PMNs (∼ 30% that
of wild-type mice) (22). Interestingly, this pattern of
impaired PMN emigration into the skin but normal
emigration into the peritoneum after a inflammatory
stimulus is similar to that reported for CD18 (β2 inte-
grin)–deficient mice (56).

In summary, this study demonstrates that G-CSFR sig-
nals are required for normal PMN activation. The selective
nature of the defects in PMN activation suggests that G-
CSFR–deficient PMNs may be a valuable model to dissect
the signaling pathways used by IL-8 and other chemoat-
tractants to stimulate specific PMN functions. Of partic-
ular interest, the G-CSFR appears to play an important
role in the activation of β2 integrins by IL-8. Because G-
CSF levels are often elevated in the serum and at inflam-
matory sites in infected patients (19, 20), and given that
β2 integrins play an important role in PMN activation,
these data suggest that G-CSF may significantly modulate
the PMN response to IL-8 during infectious challenge.
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