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Abstract Neutrophils are an essential component of the
innate immune response and a major contributor to
inflammation. Consequently, neutrophil homeostasis in the
blood is highly regulated. Neutrophil number in the blood
is determined by the balance between neutrophil produc-
tion in the bone marrow and release from the bone marrow
to blood with neutrophil clearance from the circulation.
This review will focus on mechanisms regulating neutro-
phil release from the bone marrow. In particular, recent
data demonstrating a central role for the chemokines
CXCL12 and CXCL2 in regulating neutrophil egress from
the bone marrow will be discussed.
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Introduction

Neutrophils play an essential role in the innate arm of the
immune system as the first responders to bacterial and fungal
pathogens. Persistent neutropenia is associated with an
increased risk of mostly bacterial infections. On the other
hand, excessive neutrophil infiltration and activation
contributes to tissue damage in certain inflammatory
disorders such as rheumatoid arthritis. Moreover, there is
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accumulating evidence that inflammatory markers, includ-
ing blood neutrophil counts, predict ischemic events such as
stroke [1] and myocardial infarction [2]. Not surprisingly,
neutrophil number in the blood is tightly regulated. Neu-
trophil homeostasis in the blood is maintained by balancing
neutrophil production (granulopoiesis) and release from the
bone marrow with neutrophil clearance (Fig. 1). This review
will focus on recent developments in our understanding of
neutrophil release with only a brief summary of granulo-
poiesis and neutrophil clearance.

Granulopoiesis

Under normal conditions, neutrophils are produced exclu-
sively in the bone marrow, where it is estimated that 10"
are generated on a daily basis in humans [3]. At baseline,
the great majority (>98% in mice) of neutrophils are
located in the bone marrow [4], providing a reservoir of
neutrophils to respond to acute stresses, such as infection.
Granulopoiesis is regulated by a series of external signals
(cytokines) and internal signals (transcription factors).
Granulocyte-colony stimulating factor (G-CSF) is the
principal cytokine regulating granulopoiesis. Mice lacking
G-CSF or the G-CSF receptor (G-CSFR) display chronic
severe neutropenia that is mainly due to impaired granu-
lopoiesis [5, 6]. Studies of mice lacking other cytokines
indicate a lesser role for interleukin-6, GM-CSF, and stem
cell factor in regulating basal and stress granulopoiesis
[7-9]. Granulocytic differentiation is regulated by the
coordinated expression of a number of key myeloid tran-
scription factors, including PU.1, members of the CCAAT
enhancer binding protein family (CEBPa, CEBPpS, and
CEBP¢), and GFI-1. The contribution of these and other
transcription factors to the regulation of granulopoiesis has
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Fig. 1 Neutrophil homeostasis: neutrophil number in the blood
reflects a balance between neutrophil production (granulopoiesis) in
the bone marrow and release into the blood with clearance from the
blood in the spleen, liver and bone marrow. G-CSF is the principal
cytokine driving granulopoiesis. Neutrophil release from the bone
marrow is regulated by the opposing actions of CXCR4 and CXCR2
signaling. CXCR4 also contributes to neutrophil clearance from the
blood

been reviewed previously and will not be covered here
[10].

Neutrophil clearance

Neutrophil clearance has traditionally been measured by ex
vivo labeling of neutrophils and then measuring their
clearance from the blood after autologous transplantation.
These studies suggested a circulating lifespan of 6-8 h for
murine and human neutrophils [11, 12]. Recent work by
Pillay et al. [13] utilizing in vivo neutrophil labeling has
called this long-standing estimate into question. While the
lifespan of murine neutrophils in the circulation (18 h) was
similar to that previously reported, the circulatory lifespan
of human neutrophils was much longer (5.4 days), sug-
gesting that ex vivo manipulation of human neutrophils
may artificially increase neutrophil clearance from the
blood.

Neutrophil clearance, typically via macrophage-mediated
phagocytosis, occurs at multiple locations, including spleen,
liver, bone marrow, and sites of inflammation (recently
reviewed in [14]). Models in which radiolabeled neutrophils
were injected into healthy donors indicate that under steady-
state conditions the bone marrow, liver, and spleen contrib-
ute approximately equally to total neutrophil clearance [15—
17]. The chemokine receptor CXCR4 plays an important role
in the homing of aged neutrophils back to the bone marrow
for clearance. Cell surface expression of CXCR4 on neu-
trophils increases with the age of the cell, and increased
expression is associated with enhanced migration in
response to CXCR4 stimulation [18, 19]. Blocking anti-
bodies to CXCR4 impede bone marrow homing [16, 19, 20],
while homing of CXCR4-deficient neutrophils to the bone
marrow is reduced [21]. However, since clearance of
CXCR4-deficient neutrophils is comparable to wild-type
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neutrophils, there likely is redundancy among the various
clearance sites [21].

General features of neutrophil trafficking
from the bone marrow

Neutrophils are released in a regulated fashion from the
bone marrow, such that under normal conditions only
mature neutrophils (and not neutrophil precursors) are
released. Migration out of the bone marrow requires
movement through the sinus wall, composed of endothelial
cells, a basement membrane, and a layer of adventitial cells
[22, 23]. Migration occurs through, rather than between,
endothelial cells lining the sinusoids [24] in regions known
as diaphragmatic fenestrae, where the endothelial luminal
and abluminal cell membranes are fused [22, 25].

The bone marrow provides a large reservoir of mature
neutrophils that can be readily mobilized in response to
infection. In mice, only 1-2% of the total number of mature
neutrophils is found in the blood, with the great majority
remaining in the bone marrow [4]. A broad range of sub-
stances has been shown to induce neutrophil release from
the bone marrow, including chemokines, cytokines,
microbial products, and various other inflammatory medi-
ators (e.g., C5a) [26].

Adhesion molecules regulating neutrophil trafficking

The essential role of certain integrins and selectins in the
emigration of neutrophils from the blood to sites of
inflammation is well established. Indeed, humans carrying
genetic defects in f2-integrins or selectin biosynthesis
present with leukocyte adhesion deficiency, a syndrome
manifested by neutrophilia but a paucity of neutrophils at
sites of infection (recently reviewed in [27]). Based on
these observations, several groups have examined the role
of integrins and selectins in neutrophil release from the
bone marrow.

o4-Integrins

Bone marrow neutrophils express the a4-integrin VLA-4
(x4 f1-integrin), and cell surface expression of o4-integrin
is increased on mobilized neutrophils. Vascular cell adhe-
sion molecule 1 (VCAM-1), a major ligand for VLA-4, is
expressed on bone marrow stromal cell populations,
including bone marrow sinusoidal endothelium [28, 29].
Conditional deletion of o4-integrin in hematopoietic cells
had no discernable effect on neutrophil trafficking [30],
suggesting that o4-integrin signaling is dispensable for
basal neutrophil release. On the other hand, o4-integrin
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may contribute to neutrophil release under stress condi-
tions. In particular, Burdon and colleagues [31] showed
that neutralizing antibodies to or antagonists of a4-integrin
attenuated neutrophil mobilization by the chemokine
CXCL2 (MIP2).

f2-Integrins

Neutrophils express high levels of the CD18/f,-integrins
LFA-1 (o f35) and Mac-1 (o), which mediate adhesion
to intracellular adhesion molecule 1 (ICAM-1) [32].
Treatment of mice with neutralizing antibodies to f3,-inte-
grins augments neutrophil release in response to the
chemokine CXCL2 [31], while neutrophil mobilization in
response to LPS, C5a, or TNF-« is unaffected [33]. Though
fr-integrin-deficient mice are neutrophilic [34], a series of
elegant studies convincingly demonstrated that this is
mostly secondary to a non-cell autonomous mechanism
[35, 36]. Namely, the failure of f3,-integrin-deficient neu-
trophils to emigrate into tissue initiates a feedback loop
that includes IL-17 and G-CSF that, in turn, stimulates
granulopoiesis and neutrophil release. Collectively, these
data suggest that, in contrast to their essential role in
mediating neutrophil emigration from the blood to
inflammatory sites, [2-integrins appear to play only a
minor role in regulating neutrophil trafficking from the
bone marrow.

L-selectin

L-selectin is a member of the selectin family of adhesion
molecules that contribute to the emigration of neutrophils
from the blood to sites of inflammation. L-selectin
expression on circulating neutrophils is lower than that on
bone marrow resident neutrophils. Indeed, L-selectin is
shed during neutrophil mobilization from the bone marrow
to blood [37, 38]. These observations suggested that
L-selectin may serve as a retention signal for neutrophils in
the bone marrow. However, neutrophil trafficking is nor-
mal in L-selectin-deficient mice [39, 40], demonstrating a
non-essential role for L-selectin, at least in mice.

Proteases

Bone marrow proteases have also attracted interest as
potential mediators of neutrophil trafficking from the bone
marrow. Neutrophil mobilization in response to interleu-
kin-8 or G-CSF is associated with increased levels of
proteases in the bone marrow, including matrix metallo-
protease MMP-9, neutrophil elastase, and cathepsin G [25].
In vitro, these proteases are capable of cleaving molecules
important for hematopoietic cell mobilization, including

c-Kit, VCAM-1, and CXCL12 [25, 41-44]. However,
several lines of evidence suggest that proteases are dis-
pensable in neutrophil trafficking. Mice deficient in MMP-
9, cathepsin G, neutrophil elastase, or dipeptidyl peptidase
I (a molecule required for the processing of many serine
proteases) all mobilize neutrophils normally in response to
G-CSF [45]. Likewise, broad-spectrum inhibition of matrix
metalloprotease activity does not impair mobilization in
response to G-CSF [45] or CXCL2 [24].

CXCR¢4 signaling

The chemokine CXCLI12/SDF-1o and its main receptor
CXCR4 are key regulators of neutrophil trafficking in the
bone marrow. CXCL12 is constitutively expressed at high
levels in the bone marrow by several stromal cell popula-
tions, including osteoblasts, CXCL12-abundant reticular
cells, and endothelial cells. CXCL12 is a potent chemoat-
tractant for many hematopoietic cell types, including
neutrophils [46-52]. Bone marrow neutrophils express low
but detectable surface expression of CXCR4 and high
intracellular levels, suggesting constitutive internalization
of CXCR4 in vivo [19]. CXCL12 also has an additional
receptor, CXCR7, which is believed to act as a decoy
receptor to sequester the ligand; however, CXCR7 does not
appear to play a major role in hematopoiesis [53, 54].
There is considerable evidence showing that CXCR4
signaling provides a key retention signal for neutrophils in
the bone marrow. Cxcr4 "~ and Cxcl12™'~ mice die peri-
natally with hypocellular bone marrow [55-58]. Cxcrd ™~
bone marrow chimeras exhibit constitutive mobilization of
mature and immature neutrophils into the circulation [47,
59]. Moreover, in mice carrying a myeloid-specific dele-
tion of Cxcr4, there is constitutive neutrophilia and
impaired neutrophil mobilization in response to G-CSF or
infection with L. monocytogenes [21]. Likewise, condi-
tional deletion of CxclI2 is associated with neutrophilia
[60]. Finally, treatment of humans or mice with a CXCR4
antagonist results in rapid neutrophil mobilization [61, 62].

WHIM syndrome

Genetic studies in patients with WHIM (warts, hypogam-
maglobulinemia, infections, and myelokathexis) syndrome
confirm a crucial role for CXCR4 signaling in neutrophil
trafficking from the bone marrow. A defining feature of
WHIM syndrome is myelokathexis, which is characterized
by severe neutropenia despite normal or increased numbers
of neutrophils in the bone marrow. Truncation mutations in
Cxcr4 have been identified in the majority of patients with
WHIM syndrome [63]; in a recent review, 24 of 26 patients
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with WHIM syndrome had a Cxcr4 mutation [64]. These
mutations are heterozygous and truncate a variable portion
of the cytoplasmic tail of CXCR4. Two recent studies
provide independent corroboration that CXCR4 mutations
are causative of WHIM syndrome. Kawai and colleagues
[65] showed that healthy human CD34+ cells transduced
with truncated CXCR4 (but not wild-type CXCR4)
developed a myelokathexis-like phenotype upon xeno-
transplantation into immunodeficient mice. Walters and
colleagues [66] developed transgenic zebrafish expressing
WHIM CXCR4 mutations. These zebrafish had neutrophil
retention in hematopoietic tissue that was rescued by
knock-down of CXCLI12.

There is strong evidence that the truncation mutations of
CXCR4 found in WHIM syndrome are gain-of-function
mutations. WHIM neutrophils display enhanced chemo-
taxis to CXCL12 that likely is related to impaired receptor
internalization and desensitization [67-69]. Signaling
studies with WHIM-related CXCR4 truncation mutations
suggest that the recruitment and/or activation of fS-arrestins
and G protein-coupled receptor kinases (GRKs) may be
altered. Lagane et al. [70] showed that enhanced chemo-
taxis and Erkl/2 activation by WHIM-related CXCR4
truncations was dependent on f-arrestin-2. On the other
hand, McCormick et al. [71] showed that [-arrestin-2
recruitment to a WHIM-related CXCR4 mutant was
delayed. Moreover, they showed that recruitment of GRK6
but not GRK3 was impaired to mutant CXCR4. This is
relevant, since GRKG6 is responsible for serine phosphory-
lation of specific residues of the CXCR4 cytoplasmic
domain and negatively regulates CXCR4-induced calcium
mobilization [72].

CXCR2 signaling

Recent data implicate a second chemokine signaling
pathway regulating neutrophil release from the bone mar-
row. The chemokines CXCL1 (KC) and CXCL2 (GROJf/
MIP-2) are potent chemoattractants and activators of neu-
trophils, and are known to play a crucial role in the
emigration of neutrophils from the blood to sites of
inflammation [26, 73, 74]. CXCL1 and CXCL2 are con-
stitutively expressed in the bone marrow by endothelial
cells, megakaryocytes, and, to a lesser extent, osteoblasts
[75, 76]. Administration of CXCL1 or CXCL2 results in
the rapid (within 15 min) mobilization of neutrophils into
the circulation [24, 31, 77]. These data suggest that CXCL1
and CXCL2 may serve to direct neutrophil release from the
bone marrow.

The sole receptor (in mice) for CXCL1 and CXCL2 is
CXCR2. Initial studies of Cxcr2™'~ mice provided con-
flicting data as to the role of CXCR2 signaling in neutrophil

@ Springer

egress from the bone marrow. Whereas Cxcr2™~ mice
housed under specific pathogen-free (SPF) conditions are
neutrophilic [78], mice housed under gnotobiotic conditions
have normal levels of peripheral neutrophils [79, 80]. This
discrepancy has been attributed to subclinical infection
secondary to the well-known defect in the emigration of
Cxcr2™"~ neutrophils from the blood to sites of infection. To
address this issue more definitively, we generated bone
marrow chimeras containing both wild-type and Cxcr2™"~
hematopoietic cells. In this way, the cell autonomous effects
of the loss of CXCR2 signaling on neutrophil trafficking
from the bone marrow were assessed. We showed that
CXCR2-deficient neutrophils are selectively retained in the
bone marrow, reproducing a myelokathexis-like phenotype
[75]. Of interest, Diaz and colleagues recently identified a
family with myelokathexis that carried homozygous loss-of-
function Cxcr2 mutations (A.L. O’Shaughnessy, Q. Sun, and
G.A. Diaz, unpublished observations). These data provide
strong evidence that CXCR2 signaling directs neutrophil
release from the bone marrow.

Tug-of-war model

The studies of Cxcr4 ™'~ and Cxer2™'~ mice suggest that
these chemokine axes provide apposing signals regulating
neutrophil egress from the bone marrow. Whereas CXCR4
provides a retention signal for neutrophils in the bone mar-
row, CXCR2 signaling directs neutrophil release. RNA
expression profiling and immunostaining of bone marrow
sections suggest differential spatial expression of chemo-
kines in the bone marrow. CXCL12 is expressed at the
highest levels in osteoblasts and CAR cells. In contrast,
CXCLI1 and CXCL2 are expressed at high levels in bone
marrow endothelial cells and megakaryocytes. Collectively,
these data suggest a “tug-of-war” model wherein endothe-
lial-derived chemokines (e.g., CXCL1 and CXCL2) direct
neutrophil chemotaxis toward the vasculature for entry into
the circulation, while endosteal osteoblasts produce che-
mokines (primarily CXCL12) that promote neutrophil
retention (Fig. 2). Under basal conditions, the balance of
chemokine production favors neutrophil retention in the
bone marrow.

In response to infectious stress, the expression of
inflammatory cytokines, most notably G-CSF, is increased,
leading to neutrophil mobilization into the blood [81].
G-CSF administration is associated with a marked sup-
pression of endosteal osteoblasts, resulting in decreased
CXCLI12 expression in the bone marrow. G-CSF also is
associated with cleavage of CXCR4 on neutrophils, further
disrupting CXCR4 signaling [4, 49, 52]. On the other hand,
G-CSF administration leads to increased CXCL?2 expression
in bone marrow endothelial cells and megakaryocytes [75,
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Fig. 2 Tug-of-war model: CXCL12 (pink diamonds) expression from
endosteal osteoblasts and other bone marrow stromal cells promotes
the retention of neutrophils in the bone marrow, while endothelial and
megakaryocytic CXCL2 (yellow circles) promotes the entry of
neutrophils into the circulation. Under basal conditions, the balance
of these chemokines favors neutrophil retention, with only a small
fraction of neutrophils released into the circulation. In myelokathexis,

76]. The net effect of G-CSF signaling is a shift in the bal-
ance of chemokine production to the endothelium, thereby
promoting neutrophil release from the bone marrow.

A recent study addressed the contribution of CXCR2
and CXCR4 signaling during stress-induced neutrophil
mobilization [82]. Specially, Delano and colleagues used a
cecal ligation and puncture (CLP) model to induce sepsis
and neutrophil mobilization. They showed that CXCL12
mRNA expression falls while CXCL1 expression increases
in the bone marrow within 12 h of CLP. Studies with
neutralizing antibodies suggested that CXCR4 but not
CXCR?2 signaling was required for efficient neutrophil
mobilization. Thus, in this model of infectious stress,
modulation of CXCR4 signaling plays a dominant role in
regulating neutrophil release from the bone marrow.

Interactions between CXCR2 and CXCR4 signaling

There is accumulating evidence for cross talk between
chemokine receptors. For example, treatment of neutro-
phils with CXCL1 or CXCL2 (CXCR?2 ligands) results in
heterologous desensitization of CXCR4 and decreased
surface expression [20, 21, 83]. Thus, disruption of one
chemokine signaling pathway may augment signaling of
another chemokine receptor. In this way, the effect of small
changes in CXCL12 and CXCL1/CXCL2 expression on
neutrophils may be amplified. Consistent with this
observation, pharmacologic blockade of CXCR4 signaling

mutations enhancing CXCR4 signaling or decreasing CXCR2
signaling result in abnormal bone marrow retention of neutrophils.
G-CSF treatment alters the balance of chemokines in the bone
marrow by both increasing CXCL?2 expression from the endothelium
and decreasing CXCL12 expression from osteoblast lineage cells. The
net result of these changes is neutrophil mobilization into the
circulation

results in enhanced CXCR2 ligand-induced neutrophil
mobilization in mice [19, 20, 77].

Studies of Cxcr4™~, Cxcr2™~ and doubly deficient
Cxcr4™~ x Cxcr2™~ neutrophils suggest that CXCR4
signaling is dominant over CXCR?2 signaling in regulating
neutrophil trafficking in the bone marrow. As noted previ-
ously, Cxcr2™"~ neutrophils are selectively retained in the
bone marrow, while Cxerd™~ neutrophils are constitutively
mobilized [21, 75]. If CXCR2 and CXCR4 co-dominantly
regulate neutrophil trafficking, then an intermediate pheno-
type is predicted. However, neutrophils lacking both CXCR4
and CXCR2 display constitutive mobilization to a similar
degree as singly CXCR4 deficient neutrophils. Consistent
with this observation, CXCL2 administration does not
induce further neutrophil mobilization in mice lacking
CXCR4 expression in neutrophils [21].

Summary and future directions

Current studies suggest that CXCR4 and CXCR?2 signaling
plays an important and antagonistic role in regulating
neutrophil release from the bone marrow. Whereas CXCR4
signaling serves to retain neutrophils in the bone marrow,
CXCR?2 signaling promotes their release. The importance
of these chemokines axes in neutrophil homeostasis in
humans is established by the presence of gain-of-function
CXCR4 mutations or loss-of-function CXCR?2 mutations in
patients with myelokathexis.
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There are several outstanding questions about the role of
CXCR4 and CXCR2 signals in the regulation of neutrophil
trafficking. In mice lacking both CXCR4 and CXCR?2,
constitutive neutrophil mobilization is present [75]. Is there
a second (CXCR2-independent) signal directing neutrophil
egress or is complete CXCR4 disruption sufficient? G-CSF
treatment induces neutrophil mobilization in large part by
altering CXCL12 and CXCL2 expression in bone marrow
stromal cells. Yet, the G-CSFR is not expressed on stromal
cells, suggesting a non-cell autonomous mechanism by
which G-CSF alters chemokine expression by stromal
cells. Though the signals that mediate this response are
currently unknown, a recent report showed that G-CSFR
signals in bone marrow monocytes/macrophages were
sufficient to decrease expression of bone marrow CXCL12
[84]. Finally, this model predicts that signals that modulate
CXCR4 and/or CXCR?2 responsiveness in neutrophils will
affect neutrophil trafficking from the bone marrow. Con-
sistent with this hypothesis, a recent study suggested that
reduced expression of GRK3, which modulates CXCR4
signaling, may contribute to the pathogenesis of neutrophil
retention in those rare patients with myelokathexis who do
not have CXCR4 or CXCR2 mutation [85].

There are important clinical implications of this work. In
particular, the data suggest that treatment with a CXCR4
antagonist would reverse the accentuated CXCR4 signaling
present in most patients with WHIM syndrome. Indeed,
plerixaflor (AMD3100), a CXCR4 antagonist that is FDA
approved for hematopoietic stem cell mobilization, induces
neutrophil mobilization in healthy volunteers. Two clinical
trials of plerixafor for the treatment of patients with WHIM
syndrome or myelokathexis are underway. Conversely,
CXCR?2 antagonism may prove useful for the treatment of
inflammatory conditions characterized by excessive neu-
trophil infiltration. Small molecule antagonists of CXCR?2
have been shown in clinical trials to decrease neutrophil
recruitment and activation in airway inflammation [86—88].

There is considerable interest in the use of CXCR4 and
CXCR?2 antagonists to target the microenvironment in leu-
kemia and other cancers (recently reviewed in [89], [90]).
Although short-term use of CXCR4 and CXCR?2 antagonists
is well tolerated [87, 88, 91, 92], the effects of these agents on
neutrophil trafficking may be associated with significant
long-term toxicities. CXCR4 antagonists, by inducing neu-
trophil release from the bone marrow and blocking
neutrophil clearance in the bone marrow, may exacerbate
inflammatory diseases. While some murine models of
inflammatory diseases are indeed exacerbated by CXCR4
antagonists [93], other models show decreased inflammation
[94-96]. CXCR2 antagonists, by blocking neutrophil release
from the bone marrow and by inhibiting neutrophil extrav-
asation to inflammatory sites, may increase the risk of
infection; in fact, two recent studies have documented
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transient drops in absolute neutrophil counts following
administration of CXCR2 antagonists [87, 88]. Since there
are significant differences in human and murine neutrophil
trafficking and chemokine receptor expression, clinical trials
in humans will ultimately be needed to define the toxicities of
long-term CXCR4 and CXCR?2 antagonist use.
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