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In this study, we have identified a unique
combinatorial effect of the chemokines
KC/MIP-2 and the cytokine granulocyte
colony-stimulating factor (G-CSF) with re-
spect to the rapid mobilization of neutro-
phils from the bone marrow in a model of
acute peritonitis. At 2 hours following an
intraperitoneal injection of thioglycollate,
there was a 4.5-fold increase in blood
neutrophil numbers, which was inhibited
84% and 72% by prior administration of
blocking mAbs against either the chemo-

kines KC/MIP-2 or G-CSF, respectively. An
intraperitoneal injection of G-CSF acted
remotely to stimulate neutrophil mobiliza-
tion, but did not elicit recruitment into the
peritoneum. Further, in vitro G-CSF was
neither chemotactic nor chemokinetic for
murine neutrophils, and had no priming
effect on chemotaxis stimulated by che-
mokines. Here, we show that, in vitro and
in vivo, G-CSF induces neutrophil mobili-
zation by disrupting their SDF-1�–
mediated retention in the bone marrow.

Using an in situ perfusion system of the
mouse femoral bone marrow to directly
assess mobilization, KC and G-CSF mobi-
lized 6.8 � 106 and 5.4 � 106 neutrophils,
respectively, while the infusion of KC and
G-CSF together mobilized 19.5 � 106 neu-
trophils, indicating that these factors act
cooperatively with respect to neutrophil
mobilization. (Blood. 2008;111:42-49)
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Introduction

A blood neutrophilia is a characteristic feature of infections and
inflammatory disorders, due initially to the rapid mobilization of
neutrophils from the bone marrow reserve. The factors and
mechanisms regulating the mobilization of neutrophils from the
bone marrow during inflammation are, however, unknown.

Chemokines are generated locally at sites of inflammation,1-3

and orchestrate the local recruitment of neutrophils from the blood
into tissues by promoting neutrophil adhesion to the endothelium
and transmigration into tissues.4-6 Thus, in a number of inflamma-
tory models, blockade of CXC chemokines with neutralizing
mAbs, or CXCR1/2 receptor antagonism, has been shown to
effectively reduce neutrophil recruitment to the site of inflamma-
tion.7-10 More recently, a role for the chemokine receptor CCR2
and the chemokines MCP-1 and MCP-3 has been described in
the mobilization of monocytes from the bone marrow during
inflammation,11-15 suggesting that chemokines generated at sites
of inflammation may act remotely to mobilize leukocytes from the
bone marrow.

The cytokine granulocyte colony-stimulating factor (G-CSF) is
critically involved in granulopoiesis under homeostatic conditions;
mice with genetic deletion of either G-CSF or G-CSF receptor
(G-CSFR) having markedly reduced numbers of neutrophils in
their blood and bone marrow.16,17 Chronic treatment of mice or
humans with G-CSF over 4 to 5 days results in an increase in
circulating numbers of neutrophils, thought to be due to both
increased granulopoiesis and an indirect effect of G-CSF in
promoting neutrophil mobilization.18-20 Mechanistically chronic
treatment with G-CSF is thought to stimulate neutrophil mobiliza-
tion either by reducing SDF-1� levels in the bone marrow or by
down-regulating their expression of CXCR4.21-25 The importance
of G-CSF in neutrophil biology during acute and chronic inflamma-

tory reactions is not completely understood. Most of the publica-
tions investigating the activities of G-CSF during inflammation
postulate a preferential role in promoting granulopoiesis26,27 and
mobilization of neutrophils, specifically in the chronic phase of the
inflammation.17,28,29 Conflicting data are reported with respect to
the direct role of G-CSF in recruiting neutrophils from the blood
into the inflamed tissue.27,30 Interestingly, it has been shown that a
single intravenous injection of G-CSF leads to a rapid increase in
circulating neutrophil numbers in both mice and humans, suggest-
ing that G-CSF could potentially rapidly mobilize neutrophils from
the bone marrow.31,32

Previous studies have documented significant increases in blood
levels of chemokines, G-CSF, and granulocyte-macrophage CSF
(GM-CSF) in animal models of acute inflammation and in patients
with infections,17,26,28,33-35 suggesting that these chemokines and
cytokines may potentially stimulate mobilization of neutrophils
from the bone marrow during inflammatory reactions. In this study,
using a murine model of acute peritonitis, we have determined that
the rapid mobilization of neutrophils from the bone marrow is
driven by the coordinated actions of the CXC chemokines, KC and
MIP-2, and the cytokine G-CSF acting via distinct mechanisms.

Methods

Animals

Female Balb/c mice were purchased from Harlan (Oxford, United King-
dom). Mice were used at the age of 6 to 8 weeks. United Kingdom Home
Office guidelines for animal welfare based on the Animals (Scientific
Procedures) Act of 1986 were strictly observed.
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Reagents

General laboratory chemicals and cell-culture reagents were purchased
from either Life Technologies (Paisley, United Kingdom) or Sigma-Aldrich
(Poole, United Kingdom). Recombinant murine chemokines/cytokines
KC/CXCL1, MIP-2/CXCL2, G-CSF, and SDF-1�/CXCL12 were from
PeproTech EC (London, United Kingdom). The PE-conjugated rat anti–
mouse Ly-6G/Ly6C (Gr-1) mAb (clone RB6–8C5; IgG2b), the PE-
conjugated rat IgG2b mAb (clone A95-1) isotype control, and the rat
anti–mouse CD16/32 (Fc� III/II) mAb (clone 2.4G2) were obtained from
BD Biosciences (Oxford, United Kingdom). The mAbs rat anti–mouse KC
(clone 48415.111; IgG2a), rat anti–mouse MIP-2 (clone 40605; IgG2b), rat
anti–mouse G-CSF (clone 67604; IgG1), rat anti–mouse GM-CSF (clone
MP122E9; IgG2a), and the rat IgG1 (clone 43414), IgG2a, (clone 5444.11),
and IgG2b (clone 141945) isotype controls were obtained from R&D
Systems (Abingdon, United Kingdom). The CXCR4 antagonist AMD3100
was obtained from Sigma-Aldrich (Poole, United Kingdom). For differen-
tial staining of leukocytes in bloodsmears, the KWIK-DIFF stain kit was
used (Thermo Electron, Pittsburgh, PA).

Isolation of murine neutrophils

Mice were killed, femurs and tibias were cut out, and the muscles were
removed. The femoral head and condoyles were removed and the bone
marrow was flushed with 2 mL Hanks balanced salt solution (HBSS) buffer
(Ca2�/Mg2�-free HBSS, 30 mM HEPES, and 15 mM EDTA). Cells were
centrifuged (300g for 10 minutes) and resuspended in 1 mL HBSS buffer.
The cell suspension was added on top of a Histopaque gradient (Histopaque
1119 and Histopaque 1077-1) and centrifuged for 30 minutes at 700g. The
neutrophil-containing lower cell layer was collected and washed twice with
HBSS buffer.

Isolation of leukocytes from bone marrow, peritoneal cavity,
and blood

To isolate leukocytes from bone marrow, femurs were removed and the
bone marrow was harvested by flushing with 2 mL HBSS buffer, as
described. Erythrocytes were removed using hypotonic shock, and the
leukocytes were resuspended in HBSS buffer. Peritoneal leukocytes were
collected by flushing the peritoneal cavity with 3 mL of ice-cold phosphate-
buffered saline (PBS; Ca2�/Mg2�-free). Erythrocytes were removed by
hypotonic shock, and the peritoneal leukocytes were resuspended in
fluorescence-activated cell sorter (FACS) buffer. Blood samples of 10 �L
were collected from the mouse tail. Total leukocyte numbers in bone
marrow, peritoneal cavity, or blood were determined by light microscopy
using a Neubauer hematocytometer (Hawksley, Lancing, United Kingdom).

Flow cytometric identification of neutrophils

For flow cytometric analysis, cells were resuspended in FACS buffer (PBS,
0.5% bovine serum albumin [BSA], and 0.1% NaN3). To examine the
amount of neutrophils in perfusate, peritoneal cavity, or bone marrow,
surface expression of the granulocyte marker Ly-6G/Ly6C (Gr-1) was
determined. Isolated leukocytes (5 � 105/100 �L FACS buffer) were
preincubated with murine Fc block for 10 minutes and then stained with
anti–Ly-6G/Ly6C (Gr-1)–PE (20 �g/mL) or a PE-labeled isotype-matched
control mAb for 20 minutes. The samples were run on a FACSCalibur flow
cytometer (BD Biosciences, Oxford, United Kingdom) and analyzed using
CellQuest (BD Biosciences) software. Neutrophils were identified as
Gr-1high–positive cells and the characteristic high side-scatter profile.

In vivo mobilization of neutrophils into the blood or peritoneal
cavity

To determine mobilization of neutrophils from the bone marrow into the
blood, Balb/c mice were injected with 100 �L of KC, MIP-2, G-CSF
(660 nM each), or PBS via the tail vein. After 2 hours, blood and bone
marrow samples were collected. To analyze in vivo mobilization of
neutrophils into the peritoneal cavity, Balb/c mice were injected with
200 �L MIP-2, G-CSF (330 nM each), or PBS intraperitoneally. Blood

samples and peritoneal leukocytes were collected after 2 hours. The content
of neutrophils in the bone marrow and the peritoneal cavity were
determined by flow cytometry. Differential blood cell counts were deter-
mined in blood smears by KWIK-DIFF stain. Total leukocyte numbers in
bone marrow, peritoneal cavity, or blood were determined by light
microscopy using a Neubauer hematocytometer.

Thioglycollate-induced peritonitis

Peritonitis was induced by intraperitoneal injection of 500 �L 3%
autoclaved thioglycollate broth (Sigma-Aldrich) as described before.35,36

After 2 hours, mice were killed, and peritoneal leukocytes, bone marrow
leukocytes, and blood samples were collected. The neutrophil content in the
peritoneal cavity, bone marrow, and blood was determined by flow
cytometry or differential blood cell counts. In some experiments, mice were
pretreated with neutralizing or blocking agents. The blocking antibodies
anti-KC (50 �g) and anti–MIP-2 (20 �g); anti–G-CSF (150 �g) and
anti–GM-CSF (50 �g); the control antibodies IgG1 (150 �g), IgG2A
(50 �g), and IgG2B (20 �g); and the CXCR4 antagonist AMD3100
(100 �g), as well as anti–G-CSF (150 �g) in combination with AMD3100
(100 �g) were injected intraperitoneally in 500 �L PBS 20 minutes before
the administration of thioglycollate. Doses of neutralizing antibodies were
used according to previous studies.33,37,38

In situ perfusion of the femoral bone marrow

The femoral bone marrow was perfused as previously described.39,40

Briefly, mice were anesthetized, and polyethylene cannulae were inserted
into the femoral artery and vein. Modified Krebs-Ringer bicarbonate buffer
was used, with the following composition: 10 mM D-glucose, 2.5 mM
CaCl2, 0.49 mM MgCl2 � 6H2O, 4.56 mM KCl, 120 mM NaCl, 0.7 mM
Na2HPO4, 1.5 mM NaH2PO4, and 24 mM NaHCO3, supplemented with
Ficoll T-70 4% and BSA 0.1% and gassed with 95% O2, 5% CO2. The
perfusion buffer at 37°C was infused at a rate of 0.1 mL/minute via the
arterial cannula and removed from the venous cannula using a Minipulse
peristaltic pump (Anachem, Luton, United Kingdom). The vasculature was
perfused for an initial 5 minutes to remove blood and then perfused for a
further 60 minutes. A total of 400 �L of chemokine or/and cytokine were
infused directly into the femoral artery over a period of 10 minutes at a rate
of 0.04 mL/minute using an infusion/withdrawal pump (Harvard Instru-
ments, Edenbridge, United Kingdom). The final concentration of chemokine/
cytokine was calculated assuming a total volume of 1.4 mL over the
10-minute infusion period. It should be noted that the final concentrations
were not measured and are calculated assuming the factors are confined to
the perfusion volume. G-CSF (15 nM) was infused directly after the initial
5-minute washout period. In another set of experiments, KC (15 nM) was
infused after 35 minutes of perfusion. In a combined G-CSF/KC experi-
ment, G-CSF was infused directly after 5 minutes of perfusion, and KC was
infused additionally after 35 minutes of perfusion of the femoral bone
marrow. The perfusate was collected onto ice and centrifuged (200g for
10 minutes at 4°C). Erythrocytes were lysed using hypotonic shock. The
total number of mobilized leukocytes was counted by light microscopy
using a Neubauer hematocytometer. The neutrophil content in perfusate
was determined by flow cytometry.

Neutrophil chemotaxis assay

Purified neutrophils were resuspended at a concentration of 5 � 106/mL in
chemotaxis assay buffer (RPMI 1640, 10% heat-inactivated fetal calf
serum, 100 U/mL penicillin, and 100 �g/mL streptomycin), and their
chemotactic behavior was ascertained, as described previously.41,42 In
detail, 20 �L of the neutrophil suspension was placed on top of a
Neuroprobe ChemoTx chemotaxis plate (Receptor Technologies, Adder-
bury, United Kingdom). The bottom well contained 31 �L assay buffer with
or without chemokine. Chemokines were used at concentrations as
indicated. In some experiments, the cells were pretreated at 37°C with
chemokine or cytokine before being placed in the chemotaxis assay. Assay
chambers were incubated for 60 minutes at 37°C. The number of
neutrophils that migrated into the bottom chamber was determined by a
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FACSCalibur flow cytometer (BD Biosciences), with relative cell counts
obtained by acquiring events for a set time period of 30 seconds.

Statistics

Statistical significance was determined using the 1-way analysis of variance
(ANOVA) test followed by the Dunnett multiple comparison test assuming
equal variance.

Results

Role of KC, MIP-2, G-CSF, and GM-CSF in acute peritonitis

Neutrophils are rapidly mobilized from the bone marrow into
the blood during acute inflammatory reactions. In this study, we
have used an acute model of thioglycollate-induced peritonitis
to examine the factors that stimulate the rapid mobilization of
neutrophils from the bone marrow and their recruitment to the
site of inflammation. Intraperitoneal injection of 3% thioglycol-
late into Balb/c mice induced a 4.5-fold increase in circulating
neutrophil numbers and a concomitant 200-fold increase in
peritoneal neutrophil numbers after 2 hours (Figure 1). Adminis-
tration of blocking antibodies against either KC or MIP-2 alone
inhibited the rise in circulating neutrophil numbers by 45% and
55%, respectively, as well as neutrophil recruitment into the
peritoneal cavity by 56% and 35%, respectively. While neutral-

ization of both KC and MIP-2 significantly inhibited the rise in
circulating neutrophil numbers by 84% and neutrophil recruit-
ment into the peritoneal cavity by 71%, blockade of G-CSF also
inhibited the increase in blood neutrophils by 72% and their
recruitment into the peritoneal cavity by 40%. In contrast,
blockade of GM-CSF had no effect on neutrophil numbers in the
blood or peritoneal cavity (Figure 1). In these experiments, we
observed most effective inhibition, with respect to both blood
and peritoneal numbers of neutrophils, by neutralizing both
chemokines. This is consistent with previous studies that have
shown that MIP-2 and KC are functionally redundant and that it
is necessary to neutralize both chemokines to reduce neutrophil
accumulation at the site of inflammation.37

Effect of KC, MIP-2, and G-CSF on neutrophil mobilization and
recruitment

To characterize the effect of KC, MIP-2, and G-CSF on neutrophil
mobilization from the bone marrow, we injected 100 �L of optimal
concentrations of KC, MIP-2, or G-CSF intravenously into the
blood. At 2 hours after a single injection of each factor, we
observed a significant increase in circulating neutrophil numbers in
the blood and a concomitant reduction of neutrophil numbers in the
bone marrow (Figure 2). To specifically address the question
whether chemokines and G-CSF could act cooperatively at the
level of the bone marrow to mobilize neutrophils, we used an in situ
perfusion system of the mouse femoral bone marrow. For these

Figure 1. KC/MIP-2 and G-CSF but not GM-CSF contribute to blood and tissue
neutrophilia in TG-induced peritonitis. Neutralizing antibodies against KC (50 �g),
MIP-2 (20 �g), KC and MIP-2, G-CSF (150 �g), GM-CSF (50 �g), or rat isotype-
control mAb (mixture of control isotype IgGs) were administered intraperitoneally
20 minutes before intraperitoneal injection of 3% thioglycollate (TG). The number of
neutrophils per milliliter of blood (A) and the number of neutrophils per milliliter of
peritoneal lavage fluid (B) were determined 2 hours following TG injection. Results
are expressed as means plus or minus SEM. Data from 6 independent experiments
are combined (n � 4-15 mice). **P � .01 (1-way ANOVA and Dunnett test).

Figure 2. Intravenous administration of KC, MIP-2, and G-CSF stimulates the
mobilization of neutrophils from the bone marrow into the blood. Mice injected
intravenously with either 100 �L of PBS, KC, MIP-2, or G-CSF (660 nM each). The
number of neutrophils per milliliter of blood (A) and the number of bone marrow
neutrophils (per femur) (B) were determined 2 hours following injection. Results are
expressed as means plus or minus SEM (n � 4 mice). *P � .05; **P � .01 (1-way
ANOVA and Dunnett test).
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experiments, we used low concentrations of the chemokine and
cytokine to enable us to detect synergistic effects of these 2 factors
with respect to mobilization, as we have previously observed with
the chemokine eotaxin and the cytokine IL-5 regarding eosinophil
mobilization.43 In these experiments, subtracting basal release of
neutrophils (3.8 � 106), KC, and G-CSF mobilized 6.8 � 106 and
5.4 � 106 neutrophils, respectively, while the infusion of KC and
G-CSF together mobilized 19.5 � 106 neutrophils, indicating that
these factors acted cooperatively with respect to neutrophil mobili-
zation (Figure 3).

Our data suggest that in the peritonitis model, CXC chemo-
kines and cytokines are generated locally at the site of inflamma-
tion, but act systemically to mobilize neutrophils. To model this
in vivo, we injected G-CSF or MIP-2 intraperitoneally and
examined the effect on mobilization and local recruitment.
Interestingly, intraperitoneal administration of MIP-2 led to a
significant increase of circulating neutrophil numbers and
promoted neutrophil recruitment into the peritoneal cavity,
while G-CSF was only effective in acting remotely to stimulate
neutrophil mobilization into the blood, but did not stimulate
local recruitment into the peritoneum (Figure 4).

The effect of G-CSF on neutrophils is neither chemotactic nor
chemokinetic

To understand further the mechanism whereby G-CSF promotes
neutrophil mobilization during acute inflammation, we per-
formed in vitro chemotaxis assays with freshly purified murine
bone marrow neutrophils. As shown in Figure 5, neutrophils
migrate well toward the chemokines KC and MIP-2, whereas no
migration toward G-CSF was detectable (Figure 5). In addition,
we wanted to examine whether G-CSF has a chemokinetic or
priming effect on neutrophils, enhancing their chemotactic
behavior. Our results show that direct treatment of neutrophils
with G-CSF does not affect their chemotaxis toward KC or

MIP-2 (Figure 5). Further, when neutrophils were preincubated
for 30 minutes with G-CSF, the response to chemokines was not
enhanced (data not shown), indicating that G-CSF did not prime

Figure 3. Mobilization of neutrophils from the perfused femoral bone marrow in
mice following the infusion of KC and G-CSF alone or in combination. The
number of neutrophils (Gr-1high) mobilized from the bone marrow after infusion of
PBS, G-CSF (15 nM), KC (15 nM), or G-CSF and KC are shown. Results are
expressed as means plus or minus SEM (n � 4 mice). *P � .05; **P � .01 (1-way
ANOVA and Dunnett test).

Figure 4. G-CSF and MIP-2 both mobilize neutrophils from the bone marrow,
while MIP-2 but not G-CSF stimulates recruitment into tissue. Mice were injected
intraperitoneally with either 200 �L of PBS, MIP-2, or G-CSF (330 nM each). The
number of neutrophils per milliliter of blood (A) and the number of neutrophils per
milliliter of peritoneal lavage fluid (B) were determined 2 hours following injection.
Results are expressed as means plus or minus SEM (n � 3 mice). *P � .05;
**P � .01 (1-way ANOVA and Dunnett test).

Figure 5. G-CSF does not stimulate the chemotaxis or chemokinesis of murine
neutrophils. Freshly isolated murine bone marrow neutrophils were used in a
chemotaxis assay. Neutrophils were placed on top of a chemotaxis plate in the
presence or absence of G-CSF (10 nM). KC (1 nM), MIP-2 (1 nM), or G-CSF (10 nM)
were added to the bottom chamber as indicated. Migration of neutrophils is
expressed as the mean number of cells counted per bottom well, mean plus or minus
SD. A representative figure of 3 independent experiments is shown (n � 3).
***P � .001 (1-way ANOVA and Dunnett test).
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murine neutrophils. Finally, addition of G-CSF to both the upper
and lower wells did not stimulate neutrophil migration, indicat-
ing that G-CSF was not chemokinetic for murine neutrophils.
These data suggest that the effect of G-CSF on murine
neutrophils is neither chemotactic nor chemokinetic, and that
G-CSF has no priming effect with respect to chemokine-
stimulated chemotaxis.

G-CSF disrupts the SDF-1�/CXCR4 chemokine axis during
neutrophil mobilization

It was previously postulated that chronic treatment with G-CSF
may promote neutrophil mobilization from the bone marrow by
disrupting the SDF-1�/CXCR4 chemokine axis.20,21,23,24,40 To
investigate whether G-CSF interfered with the SDF-1�/CXCR4
retention signal, we performed another in vitro chemotaxis
assay. We mimicked the retention of neutrophils by SDF-1� in
the bone marrow by pretreatment of freshly isolated murine
bone marrow neutrophils with SDF-1�, which resulted in a
significant inhibition of their migration toward KC (Figure 6) as
previously reported.40 This inhibitory effect of SDF-1� on
neutrophil chemotaxis could be abrogated by addition of G-CSF,
reconstituting the migration toward KC (Figure 6). To demon-
strate the effect of G-CSF on the SDF-1�/CXCR4 chemokine
axis in vivo, we reverted to the thioglycollate-induced peritoni-
tis model. Remarkably, we could reverse the inhibition of
neutrophil mobilization from the bone marrow and their recruit-
ment into the peritoneal cavity, caused by administration of the
G-CSF–neutralizing mAb, by directly blocking CXCR4 with the
antagonist AMD3100 (Figure 7). We conclude from these data
that G-CSF contributes to neutrophil mobilization by disrupting
the SDF-1�/CXCR4 retention signal under acute inflammatory
conditions.

Discussion

Mobilization of neutrophils from the bone marrow is the first
step in their trafficking to sites of infection or inflammation. In

this study, we have identified a unique combinatorial effect of
the ELR � CXC chemokines KC/MIP-2 and the cytokine
G-CSF with respect to the rapid mobilization of neutrophils
from the bone marrow in a model of acute peritonitis. While it is
well documented that ELR � CXC chemokines play an impor-
tant role in the recruitment of neutrophils from the blood into
tissues during inflammation,7,28,35,44 this is the first report that
ELR � CXC chemokines contribute to neutrophil mobilization
from the bone marrow during acute inflammatory reactions.

Interestingly, we show that at these early time points (2 hours),
G-CSF also plays a critical role in mobilizing neutrophils from the
bone marrow. In contrast, GM-CSF, a cytokine required for
emergency granulopoiesis in response to infection and inflamma-
tion, a response that occurs over several days,45,46 is not required
for the rapid neutrophil mobilization (Figure 1A). We have
previously shown that the cytokine IL-5 drives the mobilization of
eosinophils from the bone marrow in models of allergic airway
inflammation.39,47 Others have recently shown that chemokines
play a central role in mobilizing monocytes from the bone marrow
in models of chronic inflammation.11-15 This is therefore the first
demonstration that chemokines, in combination with a cytokine,
are required for leukocyte mobilization during a specific inflamma-
tory reaction.

To directly assess whether locally generated chemokines and
G-CSF can act remotely to mobilize neutrophils from the bone

Figure 6. G-CSF blocks the retention of neutrophils by SDF-1�. Freshly isolated
murine bone marrow neutrophils were used in a chemotaxis assay and then placed
on top of the chemotaxis plate in the presence or absence of G-CSF (10 nM) as
indicated. Neutrophils were preincubated in the presence or absence of SDF-1�
(50 nM) for 15 minutes at 37°C. KC (1 nM) was added to the bottom chamber as
indicated. Migration of neutrophils is expressed as the mean number of cells counted
per bottom well, mean plus or minus SD. A representative figure of 4 independent
experiments is shown (n � 3). **P � .01 (1-way ANOVA and Dunnett test).

Figure 7. Inhibition of neutrophil mobilization by blockade of G-CSF is
abrogated by administration of AMD3100. Anti–G-CSF–blocking antibody
(150 �g) and AMD3100 (100 �g) alone or in combination were administered
intraperitoneally 20 minutes before intraperitoneal injection of 3% TG. The number of
neutrophils per milliliter of blood (A) and the number of neutrophils per milliliter of
peritoneal lavage fluid (B) were determined 2 hours following TG injection. Results
are expressed as means plus or minus SEM (n � 3). *P � .05; **P � .005 (1-way
ANOVA and Dunnett test).
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marrow, we examined the effect of a single intraperitoneal
injection of these factors on neutrophil recruitment into the
blood and tissue. The results shown in Figure 4 indicate that
MIP-2 acts both systemically to increase circulating neutrophil
numbers and locally to promote neutrophil recruitment into the
tissue. In this regard, it is interesting that the same chemokine
can stimulate mobilization and recruitment, as it suggests that
neutrophils are not desensitized by the initial mobilizing
response to the chemokine. This may reflect the low concentra-
tions of chemokines that actually promote these responses in
vivo as compared with high levels of CXCR2 expression on
mature neutrophils.40 In contrast, G-CSF although administered
intraperitoneally did not stimulate the local recruitment of
neutrophils into the peritoneum, but rather acted systemically to
stimulate neutrophil mobilization.

The lack of effect of G-CSF with respect to local recruitment
from the blood into the peritoneum suggested to us that G-CSF was
not chemotactic for murine neutrophils. In fact, in vitro chemotaxis
assays showed that G-CSF was neither chemotactic nor chemoki-
netic for murine bone marrow neutrophils (Figure 5). It should be
noted that previous results have been reported with respect to the
chemokinetic/chemotactic effects of human G-CSF on human
peripheral blood neutrophils.48-51 As we can find no reports of
effects of G-CSF stimulating the migration of murine neutrophils,
there may be a species difference in this context. Finally, we were
not able to show a priming effect of G-CSF with respect to
chemokine-stimulated chemotaxis (Figure 5), again an effect
reported with human neutrophils.52,53

Mature neutrophils in the bone marrow reserve are present in
the hematopoietic compartment, and mobilization is dependent
on their migration across the bone marrow endothelium into the
bone marrow sinuses. We believe that chemokines in the blood
create a gradient across the bone marrow sinusoidal endothe-
lium, thereby stimulating neutrophil migration out of the bone
marrow into the blood. Indeed, using an in situ perfusion system
of the femoral bone marrow, we have shown directly that
infusing the ELR plus CXC chemokines KC (CXCL1) and
MIP-2 (CXCL2) into the bone marrow vasculature stimulates
the rapid mobilization of neutrophils.40,54 In addition, we have
previously shown that the cytokine IL-5, which stimulates
eosinophil chemokinesis, mobilizes eosinophils from the bone
marrow in vivo.39 Furthermore, we have shown a synergistic
effect between the chemokinetic effect of IL-5 and the chemotac-
tic effect of the chemokine eotaxin, with respect to eosinophil
migration in vitro and mobilization in situ.43 In contrast, in this
study we found that G-CSF alone or in combination with
chemokines does not stimulate neutrophil migration in vitro
(Figure 5). Thus, we believe that G-CSF acts in a distinct
manner to the chemokines to mobilize neutrophils from the bone
marrow.

SDF-1� is expressed constitutively in the bone marrow, and
numerous lines of evidence support the hypothesis that the
SDF-1�/CXCR4 chemokine axis plays an important role in the
retention of neutrophils within the bone marrow.40,55-57 Chronic
treatment of mice with G-CSF over 4 to 5 days stimulates
neutrophil granulopoiesis and mobilization. It has been proposed
that mobilization may be due to a reduction in the levels of SDF-1�
in the bone marrow,20,23 inhibition of CXCR4 expression,21,25 or
cleavage of CXCR4 from the cell surface.21,24 The role of proteases
in this response has recently been excluded.21,58 In this study,
experiments performed in vitro show for the first time that G-CSF
can rapidly inhibit the retention signal delivered by SDF-1�

(Figure 6). G-CSF can therefore stimulate the acute mobilization of
neutrophils from the bone marrow by disrupting the CXCR4/
SDF-1� chemokine axis in the same way that the CXCR4
antagonist induces a rapid blood neutrophilia.40,59 Indeed, this
mechanism of G-CSF–stimulated mobilization is further supported
by the data presented in Figure 7 showing that the CXCR4
antagonist reverses the inhibition of neutrophil mobilization from
the bone marrow caused by administration of the G-CSF–
neutralizing mAb.

The fact that in the model of peritonitis blockade of either the
chemokines or G-CSF alone resulted in a greater than 70%
inhibition of blood neutrophilia suggests that G-CSF and the
chemokines may act in a coordinated manner with respect to
mobilization. To assess this directly, we used an in situ perfusion
system of the mouse femoral bone marrow. We show here that
while neutrophils were mobilized in response to direct infusion
of G-CSF and KC alone, a more than additive effect was
observed with respect to mobilization when KC and G-CSF
were infused together (Figure 3), suggesting that these factors
may indeed act in a coordinated fashion in vivo. It has been
shown that transgenic mice, which carry a targeted (knock-in)
mutation of their G-CSFR such that the cytoplasmic (signaling)
domain of the G-CSFR is replaced with that of the erythropoi-
etin receptor (EpoR), exhibit near-normal levels of mature
neutrophils in the bone marrow, while treatment with G-CSF
fails to induce significant mobilization of neutrophils to the
blood. In accordance with our data, these GEpoR mice show
normal chemokine-stimulated mobilization of neutrophils from
the bone marrow, indicating that the chemokine-induced mobili-
zation of neutrophils is indeed G-CSF–independent.20,60

Taken together, our data suggest a new paradigm for the acute
mobilization of neutrophils from the bone marrow, requiring the
coordinated actions of both G-CSF and the CXC chemokines KC
and MIP-2 acting via distinct mechanisms. Thus, under acute
inflammatory conditions, systemically acting chemokines promote
mobilization by stimulating the chemotaxis of neutrophils across
the bone marrow sinusoidal endothelium, a process facilitated by
G-CSF that acts by blocking the retention signal delivered by bone
marrow–derived SDF-1�.

Acknowledgments

This work was supported by a grant from the European Community
INNOCHEM (LSHB-CT-2005-518167), the Wellcome Trust
(project grant no. 073677/Z/03/Z), and the British Heart Founda-
tion (project grant no. PG/05/-92).

Authorship

Contribution: A.M.W., S.C.P., and R.C.F. performed experiments;
A.M.W. and S.M.R. designed the research, analyzed the data, and
wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Sara M. Rankin, Leukocyte Biology Section,
National Heart and Lung Institute, Imperial College London, Sir
Alexander Fleming Building, South Kensington Campus, Exhibi-
tion Road, London SW7 2AZ, United Kingdom; e-mail:
s.rankin@imperial.ac.uk.

G-CSF/CXC CHEMOKINES IN ACUTE NEUTROPHIL MOBILIZATION 47BLOOD, 1 JANUARY 2008 � VOLUME 111, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/1/42/1220217/zh800108000042.pdf by guest on 08 June 2024



References

1. Collins PD, Jose PJ, Williams TJ. The sequential
generation of neutrophil chemoattractant proteins
in acute inflammation in the rabbit in vivo. Rela-
tionship between C5a and proteins with the char-
acteristics of IL-8/neutrophil-activating protein 1.
J Immunol. 1991;146:677-684.

2. Beaubien BC, Collins PD, Jose PJ, et al. A novel
neutrophil chemoattractant generated during an
inflammatory reaction in the rabbit peritoneal cav-
ity in vivo: purification, partial amino acid se-
quence and structural relationship to interleukin
8. Biochem J. 1990;271:797-801.

3. Jose PJ, Collins PD, Perkins JA, et al. Identifica-
tion of a second neutrophil-chemoattractant cyto-
kine generated during an inflammatory reaction in
the rabbit peritoneal cavity in vivo: purification,
partial amino acid sequence and structural rela-
tionship to melanoma-growth-stimulatory activity.
Biochem J. 1991;278:493-497.

4. Ley K. Integration of inflammatory signals by roll-
ing neutrophils. Immunol Rev. 2002;186:8-18.

5. Ley K. Arrest chemokines. Microcirculation. 2003;
10:289-295.

6. Kobayashi Y. Neutrophil infiltration and chemo-
kines. Crit Rev Immunol. 2006;26:307-316.

7. McColl SR, Clark-Lewis I. Inhibition of murine
neutrophil recruitment in vivo by CXC chemokine
receptor antagonists. J Immunol. 1999;163:2829-
2835.

8. Gordon JR, Li F, Zhang X, Wang W, Zhao X, Nay-
yar A. The combined CXCR1/CXCR2 antagonist
CXCL8(3–74)K11R/G31P blocks neutrophil infil-
tration, pyrexia, and pulmonary vascular pathol-
ogy in endotoxemic animals. J Leukoc Biol. 2005;
78:1265-1272.

9. Lally F, Smith E, Filer A, et al. A novel mechanism
of neutrophil recruitment in a coculture model of
the rheumatoid synovium. Arthritis Rheum. 2005;
52:3460-3469.

10. Sekido N, Mukaida N, Harada A, Nakanishi I, Wa-
tanabe Y, Matsushima K. Prevention of lung
reperfusion injury in rabbits by a monoclonal anti-
body against interleukin-8. Nature. 1993;365:654-
657.

11. Serbina NV, Pamer EG. Monocyte emigration
from bone marrow during bacterial infection re-
quires signals mediated by chemokine receptor
CCR2. Nat Immunol. 2006;7:311-317.

12. Tsou CL, Peters W, Si Y, et al. Critical roles for
CCR2 and MCP-3 in monocyte mobilization from
bone marrow and recruitment to inflammatory
sites. J Clin Invest. 2007;117:902-909.

13. Lu B, Rutledge BJ, Gu L, et al. Abnormalities in
monocyte recruitment and cytokine expression in
monocyte chemoattractant protein 1-deficient
mice. J Exp Med. 1998;187:601-608.

14. Huang DR, Wang J, Kivisakk P, Rollins BJ, Ran-
sohoff RM. Absence of monocyte chemoattrac-
tant protein 1 in mice leads to decreased local
macrophage recruitment and antigen-specific T
helper cell type 1 immune response in experi-
mental autoimmune encephalomyelitis. J Exp
Med. 2001;193:713-726.

15. Hokeness KL, Kuziel WA, Biron CA, Salazar-
Mather TP. Monocyte chemoattractant protein-1
and CCR2 interactions are required for IFN-al-
pha/beta-induced inflammatory responses and
antiviral defense in liver. J Immunol. 2005;174:
1549-1556.

16. Lieschke GJ, Grail D, Hodgson G, et al. Mice
lacking granulocyte colony-stimulating factor
have chronic neutropenia, granulocyte and mac-
rophage progenitor cell deficiency, and impaired
neutrophil mobilization. Blood. 1994;84:1737-
1746.

17. Metcalf D, Robb L, Dunn AR, Mifsud S, Di Rago
L. Role of granulocyte-macrophage colony-stimu-
lating factor and granulocyte colony-stimulating
factor in the development of an acute neutrophil

inflammatory response in mice. Blood. 1996;88:
3755-3764.

18. Anderlini P, Przepiorka D, Champlin R, Korbling
M. Biologic and clinical effects of granulocyte
colony-stimulating factor in normal individuals.
Blood. 1996;88:2819-2825.

19. Liu F, Poursine-Laurent J, Link DC. The granulo-
cyte colony-stimulating factor receptor is required
for the mobilization of murine hematopoietic pro-
genitors into peripheral blood by cyclophospha-
mide or interleukin-8 but not flt-3 ligand. Blood.
1997;90:2522-2528.

20. Semerad CL, Liu F, Gregory AD, Stumpf K, Link
DC. G-CSF is an essential regulator of neutrophil
trafficking from the bone marrow to the blood. Im-
munity. 2002;17:413-423.

21. Kim HK, De La Luz Sierra M, Williams CK, Gu-
lino AV, Tosato G. G-CSF down-regulation of
CXCR4 expression identified as a mechanism
for mobilization of myeloid cells. Blood. 2006;
108:812-820.

22. Semerad CL, Christopher MJ, Liu F, et al. G-CSF
potently inhibits osteoblast activity and CXCL12
mRNA expression in the bone marrow. Blood.
2005;106:3020-3027.

23. Petit I, Szyper-Kravitz M, Nagler A, et al. G-CSF
induces stem cell mobilization by decreasing
bone marrow SDF-1 and up-regulating CXCR4.
Nat Immunol. 2002;3:687-694.

24. Levesque JP, Hendy J, Takamatsu Y, Simmons
PJ, Bendall LJ. Disruption of the CXCR4/
CXCL12 chemotactic interaction during hema-
topoietic stem cell mobilization induced by
GCSF or cyclophosphamide. J Clin Invest.
2003;111:187-196.

25. Sierra MDLL, Gasperini P, McCormick PJ, Zhu J,
Tosato G. Transcription factor Gfi-1 induced by
G-CSF is a negative regulator of CXCR4 in my-
eloid cells. Blood. 2007;110:2276-2285.

26. Shahbazian LM, Quinton LJ, Bagby GJ, Nelson
S, Wang G, Zhang P. Escherichia coli pneumo-
nia enhances granulopoiesis and the mobiliza-
tion of myeloid progenitor cells into the sys-
temic circulation. Crit Care Med. 2004;32:1740-
1746.

27. Knapp S, Hareng L, Rijneveld AW, et al. Activa-
tion of neutrophils and inhibition of the proinflam-
matory cytokine response by endogenous granu-
locyte colony-stimulating factor in murine
pneumococcal pneumonia. J Infect Dis. 2004;
189:1506-1515.

28. Cataisson C, Pearson AJ, Tsien MZ, et al.
CXCR2 ligands and G-CSF mediate PKCalpha-
induced intraepidermal inflammation. J Clin In-
vest. 2006;116:2757-2766.

29. Gregory AD, Hogue LA, Ferkol TW, Link DC.
Regulation of systemic and local neutrophil re-
sponses by G-CSF during pulmonary Pseudomo-
nas aeruginosa infection. Blood. 2007;109:3235-
3243.

30. Witowski J, Ksiazek K, Warnecke C, et al. Role of
mesothelial cell-derived granulocyte colony-
stimulating factor in interleukin-17-induced neu-
trophil accumulation in the peritoneum. Kidney
Int. 2007;71:514-525.

31. Ulich TR, del Castillo J, Souza L. Kinetics and
mechanisms of recombinant human granulocyte-
colony stimulating factor-induced neutrophilia.
Am J Pathol. 1988;133:630-638.

32. Kawakami M, Tsutsumi H, Kumakawa T, et al.
Levels of serum granulocyte colony-stimulating
factor in patients with infections. Blood. 1990;76:
1962-1964.

33. Noursadeghi M, Bickerstaff MC, Herbert J,
Moyes D, Cohen J, Pepys MB. Production of
granulocyte colony-stimulating factor in the
nonspecific acute phase response enhances
host resistance to bacterial infection. J Immu-
nol. 2002;169:913-919.

34. Sugimoto Y, Fukada Y, Mori D, et al. Prostaglan-
din E2 stimulates granulocyte colony-stimulating
factor production via the prostanoid EP2 receptor
in mouse peritoneal neutrophils. J Immunol.
2005;175:2606-2612.

35. Call DR, Nemzek JA, Ebong SJ, Bolgos GL,
Newcomb DE, Remick DG. Ratio of local to sys-
temic chemokine concentrations regulates neu-
trophil recruitment. Am J Pathol. 2001;158:715-
721.

36. Melnicoff MJ, Horan PK, Morahan PS. Kinetics of
changes in peritoneal cell populations following
acute inflammation. Cell Immunol. 1989;118:178-
191.

37. Zhang XW, Wang Y, Liu Q, Thorlacius H. Redun-
dant function of macrophage inflammatory pro-
tein-2 and KC in tumor necrosis factor-alpha-in-
duced extravasation of neutrophils in vivo. Eur
J Pharmacol. 2001;427:277-283.

38. Bozinovski S, Jones J, Beavitt SJ, Cook AD,
Hamilton JA, Anderson GP. Innate immune re-
sponses to LPS in mouse lung are suppressed
and reversed by neutralization of GM-CSF via
repression of TLR-4. Am J Physiol Lung Cell Mol
Physiol. 2004;286:L877-L885.

39. Palframan RT, Collins PD, Severs NJ, Rothery
S, Williams TJ, Rankin SM. Mechanisms of
acute eosinophil mobilization from the bone
marrow stimulated by interleukin 5: the role of
specific adhesion molecules and phosphatidyl-
inositol 3-kinase. J Exp Med. 1998;188:1621-
1632.

40. Martin C, Burdon PC, Bridger G, Gutierrez-
Ramos JC, Williams TJ, Rankin SM. Chemokines
acting via CXCR2 and CXCR4 control the release
of neutrophils from the bone marrow and their
return following senescence. Immunity. 2003;19:
583-593.

41. Chatterjee BE, Yona S, Rosignoli G, et al. An-
nexin 1-deficient neutrophils exhibit enhanced
transmigration in vivo and increased respon-
siveness in vitro. J Leukoc Biol. 2005;78:639-
646.

42. Weller CL, Collington SJ, Brown JK, et al. Leuko-
triene B4, an activation product of mast cells, is a
chemoattractant for their progenitors. J Exp Med.
2005;201:1961-1971.

43. Palframan RT, Collins PD, Williams TJ, Rankin
SM. Eotaxin induces a rapid release of eosino-
phils and their progenitors from the bone marrow.
Blood. 1998;91:2240-2248.

44. Garcia-Ramallo E, Marques T, Prats N, Beleta J,
Kunkel SL, Godessart N. Resident cell chemo-
kine expression serves as the major mechanism
for leukocyte recruitment during local inflamma-
tion. J Immunol. 2002;169:6467-6473.

45. Hirai H, Zhang P, Dayaram T, et al. C/EBPbeta is
required for ‘emergency’ granulopoiesis. Nat Im-
munol. 2006;7:732-739.

46. Porse BT, Bryder D, Theilgaard-Monch K, et al.
Loss of C/EBP alpha cell cycle control increases
myeloid progenitor proliferation and transforms
the neutrophil granulocyte lineage. J Exp Med.
2005;202:85-96.

47. Humbles AA, Conroy DM, Marleau S, et al. Kinet-
ics of eotaxin generation and its relationship to
eosinophil accumulation in allergic airways dis-
ease: analysis in a guinea pig model in vivo. J
Exp Med. 1997;186:601-612.

48. Wang JM, Chen ZG, Colella S, et al. Chemotactic
activity of recombinant human granulocyte
colony-stimulating factor. Blood. 1988;72:1456-
1460.

49. Smith WB, Gamble JR, Vadas MA. The role of
granulocyte-macrophage and granulocyte
colony-stimulating factors in neutrophil transen-
dothelial migration: comparison with interleukin-8.
Exp Hematol. 1994;22:329-334.

48 WENGNER et al BLOOD, 1 JANUARY 2008 � VOLUME 111, NUMBER 1

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/1/42/1220217/zh800108000042.pdf by guest on 08 June 2024



50. Hakansson L, Hoglund M, Jonsson UB, Tor-
steinsdottir I, Xu X, Venge P. Effects of in vivo
administration of G-CSF on neutrophil and eo-
sinophil adhesion. Br J Haematol. 1997;98:603-
611.

51. Nakamae-Akahori M, Kato T, Masuda S, et al.
Enhanced neutrophil motility by granulocyte
colony-stimulating factor: the role of extracellular
signal-regulated kinase and phosphatidylinositol
3-kinase. Immunology. 2006;119:393-403.

52. Lloyd AR, Biragyn A, Johnston JA, et al. Granulo-
cyte-colony stimulating factor and lipopolysac-
charide regulate the expression of interleukin 8
receptors on polymorphonuclear leukocytes.
J Biol Chem. 1995;270:28188-28192.

53. Nathan CF. Respiratory burst in adherent human
neutrophils: triggering by colony-stimulating fac-

tors CSF-GM and CSF-G. Blood. 1989;73:301-
306.

54. Burdon PC, Martin C, Rankin SM. The CXC che-
mokine MIP-2 stimulates neutrophil mobilization
from the rat bone marrow in a CD49d-dependent
manner. Blood. 2005;105:2543-2548.

55. Aiuti A, Webb IJ, Bleul C, Springer T, Gutierrez-
Ramos JC. The chemokine SDF-1 is a che-
moattractant for human CD34� hematopoietic
progenitor cells and provides a new mechanism
to explain the mobilization of CD34� progeni-
tors to peripheral blood. J Exp Med. 1997;185:
111-120.

56. Ma Q, Jones D, Springer TA. The chemokine re-
ceptor CXCR4 is required for the retention of B
lineage and granulocytic precursors within the
bone marrow microenvironment. Immunity. 1999;
10:463-471.

57. Suratt BT, Petty JM, Young SK, et al. Role of
the CXCR4/SDF-1 chemokine axis in circulat-
ing neutrophil homeostasis. Blood. 2004;104:
565-571.

58. Levesque JP, Liu F, Simmons PJ, et al. Charac-
terization of hematopoietic progenitor mobiliza-
tion in protease-deficient mice. Blood. 2004;104:
65-72.

59. Broxmeyer HE, Orschell CM, Clapp DW, et al.
Rapid mobilization of murine and human hemato-
poietic stem and progenitor cells with AMD3100,
a CXCR4 antagonist. J Exp Med. 2005;201:1307-
1318.

60. Semerad CL, Poursine-Laurent J, Liu F, Link DC.
A role for G-CSF receptor signaling in the regula-
tion of hematopoietic cell function but not lineage
commitment or differentiation. Immunity. 1999;11:
153-161.

Erratum

In the article by Shin et al entitled “Lesional gene expression profiling in
cutaneous T-cell lymphoma reveals natural clusters associated with disease
outcome,” which appeared in the October 15, 2007, issue of Blood (Volume
110:3015-3027), the microarray data should have been described as
deposited at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE9479
as accession number GSE9479.
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