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homeostasis and disease
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Abstract
Background: Chemokines play a critical role in orchestrating the distribution and

trafficking of neutrophils in homeostasis and disease.

Results: The CXCR4/CXCL12 chemokine axis has been identified as a central

regulator of these processes.

Conclusion: In this review, we focus on the role of CXCR4/CXCL12 chemokine

axis in regulating neutrophil release from the bone marrow and the trafficking of

senescent neutrophils back to the bone marrow for clearance under homeostasis

and disease. We also discuss the role of CXCR4 in fine-tuning neutrophil

responses in the context of inflammation.
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1 | CXCR4

CXCL12 was first identified as a chemoattractant for lym-
phocytes produced by cultures of bone marrow stromal
cells—hence its original name, stromal-derived factor-1
(SDF-1).1 CXCR4 was later identified as the receptor for
CXCL12 and for many years was thought to be its sole
receptor.2 Initial studies showed that genetic deletion of
CXCR4 in mice was embryonically lethal and prevented the
trafficking of haematopoietic stem cells from the yolk sac to
the bone marrow, indicating a critical role for CXCR4 in
development and the establishment of the haematopoietic
system in the bone marrow.3 Later work identified CXCR4
as a key regulator in development in the context of zebra-
fish.4 CXCR4 expressed by lymphocytes was shown to play
a critical role in their trafficking under homoeostatic condi-
tions, but of potentially important therapeutic relevance,
CXCR4 was identified as one of the chemokine receptors
hijacked by HIV for entry into lymphocytes.5 This finding
prompted work to develop specific CXCR4 antagonists.

The first such antagonist to be taken into humans was
AMD3100, or Plerixafor.

2 | CXCL12

From the original tissue expression studies, the bone mar-
row was identified as a key source of CXCL12 under
homeostasis in mice and man; however, its function was
unknown.1 G-CSF is a granulocyte colony-stimulating fac-
tor, and when administered to mice or humans stimulates a
significant increase in circulating neutrophil numbers. Ele-
gant work from Daniel Link’s laboratory showed that this
was due not only to the ability of G-CSF to stimulate neu-
trophil proliferation and maturation in the bone marrow,
but also to stimulate the egress of neutrophils from the
bone marrow into the blood.6 In a seminal paper Link
determined that G-CSF in mice acted indirectly to stimulate
neutrophil mobilisation and noted a reduction in CXCL12
mRNA in the bone marrow following G-CSF
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administration.6 This was the first link between CXCL12
levels in the bone marrow and neutrophil numbers in the
blood; however, it was unclear what the mechanistic link
was, as in the original studies it was reported that neu-
trophils did not migrate in response to CXCL12.1

3 | CXCR4 AND NEUTROPHIL
RETENTION IN THE BONE MARROW

A large storage pool of mature neutrophils is retained
within the haematopoietic compartment of the bone marrow
for up to 4-6 days, constituting the bone marrow reserve
both in humans and in mice. In mouse, it is estimated that
the ratio between bone marrow and blood for mature neu-
trophils is 300:1. This reflects the known fact that neu-
trophils can be rapidly mobilised, increasing circulating
levels in under an hour, for example in response to tissue
injury or infection, as discussed in more detail below. The
mechanisms underlying the retention of mature neutrophils
in the bone marrow were unknown for many years.

AMD3100 is a selective CXCR4-competitive antagonist.
While originally developed as an HIV antagonist, phase-I
clinical studies indicated that this drug causes a rapid rise in
circulating leucocytes, the majority of which were neu-
trophils.7-10 In mice, AMD3100 was shown to stimulate an
increase in circulating neutrophil numbers within a matter
of hours, following ip injection.11 Subsequent studies per-
formed by cannulating the murine femoral artery and vein
in situ, such that the femoral bone marrow could be selec-
tively perfused, showed directly that infusion of the CXCR4
antagonist led to the mobilisation of mature neutrophils and

HSCs from the bone marrow into the vasculature.11,12 This
suggested that the CXCL12:CXCR4 axis was involved in
the retention of mature neutrophils in the bone marrow (Fig-
ure 1). This was initially surprising, because neutrophils
were not thought to express CXCR4. However, our studies
revealed that neutrophils freshly isolated from the mouse
bone marrow exhibited high intracellular levels of
CXCR4.11 Moreover, when placed in medium lacking
CXCL12, they quickly upregulated CXCR4 levels within a
matter of hours.11 CXCR4, like other chemokine receptors,
is internalised following ligand binding and receptor activa-
tion. Our interpretation of these observations is that the low
levels of CXCR4 on the cell surface of neutrophils in the
bone marrow, or those freshly isolated from the bone mar-
row, may be the result of down-regulation of the receptor
due to its continuous activation by high basal levels of
CXCL12 produced locally in the bone marrow. Therefore,
neutrophils in the bone marrow receive a retention signal.
Further studies in human neutrophils showed a rapid upreg-
ulation of CXCR4 within a matter of hours when placed in
CXCL12-free medium (Figure 2). These data also show that
neutrophils can respond robustly to CXCL12 when they
express very low levels of CXCR4.

4 | GENETIC MUTATION OF CXCR4
AFFECTING NEUTROPHIL
RETENTION IN THE BONE MARROW

Mice with a myeloid lineage-restricted deletion of CXCR4
(MKO), present with a neutrophilia in peripheral blood and
a marked increase in the splenic pool of neutrophils,
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FIGURE 1 The CXCL12/CXCR4 neutrophil retention axis. There is a substantial storage pool of mature neutrophils in the bone marrow
termed the bone marrow reserve. Under homeostasis, neutrophils are retained in the bone marrow due to the constitutive production of CXCL12
by stromal cells and expression of CXCR4 by neutrophils. Genetic deletion of CXCR4 in myeloid cells (CXCR4MKO) results in depletion of
the bone marrow reserve with a rise in circulating neutrophil numbers. In WHIM syndrome, a genetic mutation of CXCR4 increases the activity
of the receptor, thereby enhancing neutrophil retention in the bone marrow and reducing numbers in the blood
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consistent with the concept that the CXCR4/CXCL12 axis
is critical for neutrophil retention in the bone marrow (Fig-
ure 1).13 The fact that MKO mice fail to mobilise neu-
trophils in response to G-CSF or KC has been interpreted
as providing evidence that neutrophil release from bone
marrow is dependent on CXCR4 signalling.13 However, 1
caveat of this interpretation is that the neutrophil reserve in
the bone marrow of the MKO mice is severely depleted
(0.6 9 107neutrophils/femur in the MKO mice as com-
pared to 1.2 9 107 neutrophils/femur in the WT) which
will naturally limit numbers that can be mobilised.

Recently, studies of neutrophil trafficking in zebra fish
showed that mutation of CXCR4 or CXCL12 led to an
increase in circulating neutrophils with a concomitant
reduction in numbers in the caudal hematopoietic tissue,
effectively recapitulating the data in mice.14

5 | WHIM SYNDROME AND
ABNORMAL NEUTROPHIL
RETENTION

WHIM syndrome is an autosomal dominant human disor-
der caused by heterozygous mutations in the gene coding
for CXCR4. WHIM-associated mutations of CXCR4 result
in the production of a C-terminal truncated receptor that
displays impaired internalisation and enhanced signalling,
resulting in abnormal neutrophil retention in the bone mar-
row (myelokathexis) and a consequent chronic blood neu-
tropenia (Figure 1).15,16 Therefore, despite having normal
numbers of mature neutrophils in the bone marrow, some
WHIM patients exhibit a blood neutropenia. This severe
neutropenia causes recurrent respiratory bacterial infections.

Administration of G-CSF to WHIM patients, by lowering
CXCL12 levels in the bone marrow, is sufficient to cause an
increase of circulating neutrophils lasting for hours after the
treatment.17 Pharmacologic antagonism of CXCR4 repre-
sents a novel approach for the treatment of WHIM
patients.18 Indeed, a single dose of AMD3100 can rapidly

and transiently increase neutrophil numbers for 1-9 hours
and lasting up to 24 hours in some patients.19 This therapeu-
tic use of AMD3100 in WHIM patients was shown to con-
siderably reduce infection frequency and wart burden.20

6 | MECHANISM OF ACTION OF
AMD3100

It was originally thought that AMD3100 stimulated neu-
trophil mobilisation due to direct antagonism of CXCR4
expressed by neutrophils, thereby disrupting the CXCL12-
CXCR4 retention axis in the bone marrow. It was subse-
quently shown in mice that CXCR4 expressed by the bone
marrow endothelium (BME) was involved in the transloca-
tion of CXCL12 across the BME, and that AMD3100
enhanced this process, resulting in a rapid rise of CXCL12
in the blood and reduced levels in the bone marrow.21 As
such, it was proposed that by reversing the gradient of
CXCL12 across the BME neutrophils would exit the bone
marrow in a CXCR4-dependent manner, migrating towards
the highest concentration of CXCL12 in the blood.21,22 To
test this hypothesis, we made use of chalcone 4-phosphate, a
CXCL12-neutralising ligand. Our studies revealed that chal-
cone 4-phosphate, when administered alone, had no effect
on circulating numbers of murine neutrophils; however, it
significantly suppressed the mobilisation of neutrophils by
AMD3100.23 This is consistent with a model whereby the
AMD3100-induced rise in circulating CXCL12 is critical
for neutrophil mobilisation (Figure 3). In contrast,
KRH3955, a distinct CXCR4 antagonist, does not reverse
the CXCL12 gradient across the BME, but still efficiently
mobilises neutrophils from the bone marrow, implying that
KRH3955 disrupting the CXR4/CXCL12 retention axis
directly is sufficient for mobilisation under homeostasis
(Figure 3).23 To understand why these 2 CXCR4 antago-
nists have different physiological mechanisms of action, we
need to consider how they interact with CXCR4 at the
molecular level. CXCL12 normally binds to CXCR4 in a
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FIGURE 2 Upregulation of CXCR4 on human blood neutrophils in CXCL12-free medium occurs rapidly, preceding apoptosis. Human
neutrophils isolated from the blood of healthy volunteers were placed in culture in CXCL12-free medium at 37°C and 5%CO2. Levels of CXCR4
annexin V and PI were determined by flow cytometry, and migration to CXCL12 was assessed in a transwell chemotaxis assay (unpublished
data courtesy of Coralie Martin and Andrew Scourfield). *P < .05
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stepwise manner, with the b-sheet and 50-s loop of CXCL12
first interacting with the extracellular region of CXCR4 and
secondly the N-terminal domain of CXCL12 interacting
with the transmembrane region of CXCR4.24 Studies of the
molecular interaction of AMD3100 with CXCR4 predict
that AMD3100 intercalates in the transmembrane region of
CXCR4; thus, it is thought that CXCL12 can then still bind
to the extracellular region of CXCR4.21,24-26 What is not
clear is the mechanism whereby the translocation of
CXCL12 across the BME is enhanced due to the binding of
AMD3100 in the transmembrane region of CXCR4. In con-
trast, KRH3955, a distinct CXCR4 antagonist, binds to the
extracellular domain of CXCR4 and thus completely blocks
CXCL12 interacting with CXCR4.26 Unlike AMD3100,
KRH3955 does not reverse the CXCL12 gradient across the
BME, but still mobilises neutrophils from the bone marrow,
implying that in the case of KRH3955, directly disrupting
the CXCL12/CXCR4 retention axis is sufficient to stimulate
neutrophil mobilisation. These data indicate that there are
alternative mechanisms underlying the ability of CXCR4
antagonists to stimulate neutrophil mobilisation from the
bone marrow, dependent on their site of binding to CXCR4.

7 | TISSUE ORIGIN OF
NEUTROPHILS MOBILISED INTO
THE BLOOD WITH AMD3100

In contrast to the original studies discussed above, in a
manuscript published by Devi et al,27 data were presented
showing that AMD3100 administration prompted the

demargination of murine neutrophils from the lung
microvascular bed and suggested that the observed increases
in circulating neutrophil numbers following AMD3100 treat-
ment were due to release from the lung microvasculature
combined with an inhibition of aged neutrophils trafficking
back to the bone marrow. Further in intravital microscopy
IVM studies of the murine skull bone marrow, it was
reported that administration of AMD3100 did not stimulate
an observable mobilisation of neutrophils from the bone
marrow.27 However, subsequent thorough analysis of neu-
trophil redistribution following AMD3100 administration
did not support these findings.26 Thus, Liu Q. reported an
increase as opposed to a decrease in numbers of murine neu-
trophils in the lung microvasculature following AMD3100
treatment and a decrease in bone marrow numbers, consis-
tent with the original data showing that neutrophils were
being mobilised from the BM by AMD3100.11,28 More
recently, IVM of the murine lung microvasculature has iden-
tified 2 distinct neutrophil migratory behaviours, with some
neutrophils engaging with the endothelium and crawling,
while others are simply transported with the flow of blood29

(K. De Filippo, unpublished observation). In our own studies
in mice, we saw a similar pattern of neutrophil behaviour,
and up to 2.5 hours following administration of AMD3100
we did not observe a decrease in number of neutrophils
engaging with the endothelium. We also observed an
increase in free-flowing neutrophils in the lung microvascu-
lature following AMD3100 administration, consistent with
the results of Liu (K. De Filippo, unpublished observation).
Likewise, in another independent recent report, AMD3100
was shown to increase activated tissue reverse transmigrated
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FIGURE 3 Neutrophil mobilisation by CXCR4 antagonists. Two CXCR4 antagonists AMD3100 and KRH3955, both stimulate neutrophil
mobilisation into the blood, but by distinct mechanisms of action in vivo. AMD3100 interacts with the transmembrane domain of CXCR4 and
stimulates the translocation of CXCL12 from the bone marrow stroma across the sinusoidal endothelium, increasing CXCL12 levels in the blood
with a concomitant reduction in CXCL12 levels in the bone marrow. Neutrophils migrate in response to increased levels of CXCL12 in the
blood. In contrast KRH3955 binds to the extracellular domain of CXCR4 and blocks binding of CXCL12 to the receptor, thereby directly
disrupting the CXCL12/CXCR2 neutrophil retention axis in the bone marrow
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neutrophil numbers in the lung and reduce numbers in the
bone marrow, in a model of mouse sterile liver injury.30

Thus, on balance, the data reported thus far support the
hypothesis that AMD3100 increases the circulating number
of neutrophils by stimulating their mobilisation from the
bone marrow reserve, as opposed to demargination from the
lung microvasculature.

8 | THE POTENTIAL ROLE OF THE
CXCR4/CXCL12 AXIS IN
NEUTROPHIL RETENTION IN THE
SPLEEN

After the bone marrow, murine spleen is reported to express
the highest levels of CXCL12 under homeostasis.31 Whether
CXCL12 expressed in the spleen plays any role in neutrophil
trafficking or retention in this tissue is currently relatively
unexplored. However, it has been shown that numbers of
neutrophils in the spleen are not reduced following
AMD3100 administration, suggesting that CXCL12
expressed in murine spleen is not regulating neutrophil reten-
tion in this tissue.28 Moreover, AMD3100-induced mobilisa-
tion of neutrophils was not suppressed in splenectomised
mice; indeed, the rise in circulating neutrophils by
AMD3100 was almost 3-fold higher in splenectomised
mice.28 Consistent with this finding is our observation that
when murine neutrophil trafficking in the spleen is observed
by IVM, AMD3100 administration substantially increased
the number of neutrophils observed trafficking through the
spleen (K. de Filippo, unpublished observation). These cur-
rent data thus suggest that neutrophils are not actively
retained in the spleen via CXCL12/CXCR4.

9 | CXCR4 AND NEUTROPHIL
CLEARANCE

Neutrophils are short-lived cells with an estimated half-life
of 6-12 hours in mice. They are cleared from the blood under
homeostasis via liver, spleen and bone marrow.32 Apoptotic
neutrophils are phagocytosed by macrophages, and the pres-
ence of macrophages in the reticuloendothelial system
would, in theory, allow for the direct clearance of apoptotic
neutrophils from the circulation. In contrast, clearance via
macrophages in the bone marrow would require aged neu-
trophils to transmigrate across the bone marrow endothelium.
An upregulation of CXCR4 was originally reported on
human neutrophils after ageing in culture for 20 hours, and it
was shown that aged neutrophils could migrate towards
CXCL12.33 In contrast, others have reported that CXCR4
expression is only observed on apoptotic human neutrophils
and that these neutrophils do not migrate in response to

CXCL12. Our studies show that functional levels of CXCR4
are expressed on murine and human neutrophils incubated
ex vivo within a matter of hours11 (Figure 2). Importantly,
upregulation of functional levels of CXCR4 preceded
enhanced binding of annexin V, a marker of neutrophil apop-
tosis (Figure 2). In our studies, such CXCR4hi annexin V�

neutrophils could migrate in response to CXCL12, while
neutrophils aged overnight that became CXCR4hi annexin
V+ apoptotic neutrophils did not migrate to CXCL12.34

In vivo experiments showed that CXCR4hi aged murine
neutrophils preferentially trafficked back to the bone marrow
in a CXCR4-dependent manner (Figure 4).11 Further studies
with 111In labelled neutrophils allowed for quantification of
absolute numbers of neutrophils cleared by different tissues
and showed that the bone marrow, liver and spleen con-
tributed equally to murine neutrophil clearance under
homoeostatic conditions.35 A caveat of these studies was
that the neutrophils were aged in vitro. That said, work by
Casanova-Acebes demonstrated the presence of a subpopu-
lation of aged CXCR4hiCD62Llo murine neutrophils in the
blood.36 CXCL12 levels in the bone marrow follow a circa-
dian rhythm, regulated by the sympathetic nervous system.37

A recent murine study has shown that senescent CXCR4hi

neutrophils are cleared from the blood when CXCL12 levels
peak in the bone marrow.36 However, the studies by Casa-
nova-Acebes indicated that CXCR4 did not guide neu-
trophils back to the bone marrow but affected their
subsequent anatomic localisation within the marrow tissue.36

In contrast, in an elegant study, Wang et al30 generated a
genetically modified mouse in which the Ly6G+ neutrophils
expressed photoactivable GFP. Sterile injury of the liver
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FIGURE 4 CXCR4-dependent neutrophil clearance in the bone
marrow upregulation of CXCR4 on neutrophils as they age increases
their trafficking back to the bone marrow, where they are
phagocytosed by bone marrow macrophages
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resulted in the recruitment of large numbers of neutrophils
to the site of injury. These neutrophils at the injury site were
photoactivated to investigate their site of clearance. Surpris-
ingly, contra to current dogma that predicts clearance locally
by tissue macrophages, the majority of GFP+ neutrophils
were observed re-entering the vasculature and subsequently
trafficking selectively back to the bone marrow for clear-
ance.30 Finally, it was shown that the GFP+ neutrophils
were CXCR4hi, and trafficking back to the bone marrow
was blocked by the CXCR4 antagonist AMD3100.30,36 It is
interesting that the bone marrow is the sole site of neutrophil
destruction in this context, and the pathophysiological rea-
son for this observation needs further investigation. Taken
together, these studies suggest a role for CXCR4 in neu-
trophil clearance under homoeostatic condition and follow-
ing trauma. Of note, while there is now considerable
evidence for a CXCR4-dependent pathway of clearance for
neutrophils in the bone marrow in mice, it is currently not
known whether a similar pathway operates in man.

10 | CXCR2/CXCR4 INTERPLAY IN
INFLAMMATION

Under inflammatory conditions, both the mobilisation and
recruitment into inflamed tissue are orchestrated by an
interplay between Glu-Leu-Arg tripeptide-containing
(ELR+) CXC chemokines and CXCL12.38-40 Studies have
shown that chemokines and G-CSF generated remotely at
sites of inflammation act systemically to stimulate murine

neutrophil mobilisation from the bone marrow.41,42 In this
context, the mobilisation of neutrophils by ELR+ CXC
chemokines is tempered by the CXCL12/CXCR4 retention
axis (Figure 5). This has been shown directly by the fact
that CXCL2 and the CXCR4 antagonist AMD3100 act
synergistically to mobilise neutrophils from the bone mar-
row,11 while G-CSF mobilisation of neutrophils has been
shown to be CXCR2 dependent, with G-CSF stimulating
the release of CXCL2 from the murine bone marrow
endothelium.43,44

At the site of infection/inflammation, CXCR4 plays a
more nuanced role in modulating the immune response.
Thus, in the context of the lung, 1 study in mice reported
that CXCR4 is important in migration of neutrophils from
within the lung tissue across the epithelium into the alveo-
lar spaces.45 Another study in mice showed that a subpopu-
lation of CXCR4hi neutrophils constituted the first line of
defence by rapid migration to the site of inflammation dur-
ing an acute inflammatory response.46 Further evidence
was presented that these “experienced” neutrophils were
able to phagocytose pathogens more efficiently compared
with fresh, mature neutrophils.46 The fact that surface
expression of CXCR4 on aged human neutrophils can be
downregulated by stimuli such as IFN-a, IFN-c, GM-CSF
and G-CSF at the mRNA level suggests that there is scope
for neutrophil responses to CXCL12 to be further fine-
tuned at the site of inflammation.33

11 | HMGB-1 AND CXCR4

During sterile inflammation or tissue trauma, damage-asso-
ciated molecular patterns (DAMPs) are actively or pas-
sively secreted by damaged cells to inform the immune
system of tissue injury or damage. HMGB1 (High Mobility
Group Box 1) is a prototypical DAMP released by the
nucleus of necrotic cells.47 HMGB-1 is a DAMP generated
at sites of tissue damage. Studies in humans and mice have
shown that HMGB-1 interacts directly with CXCL12, and
the resulting complex binds exclusively to CXCR4; the
complex has enhanced potency as compared to CXCL12
alone.48 Moreover, by conditional ablation strategies in
mice, it has been shown that epithelial HMGB1 triggers
specific recruitment of neutrophils, but not macrophages,
towards necrotic tissue.49

12 | EPI-X4 AN ENDOGENOUS
CXCR4 ANTAGONIST

Recently, an endogenous peptide EPI-X4 has been identi-
fied that is generated by proteolysis of serum albumin by
cathepsins at acidic pH. EPI-X4 has been shown to be a
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FIGURE 5 In response to inflammation, an increase in
circulating GCSF and ELR+ CXC chemokines drives neutrophil
egress from the bone marrow reserve into the blood resulting in a
rapid rise in circulating numbers of neutrophils

6 of 8 | DE FILIPPO AND RANKIN



selective and potent CXCR4 antagonist.50 When adminis-
tered ip in mice, it stimulates an increase in circulating
neutrophils, much like AMD3100. It has been proposed
that this peptide could be generated at sites of inflamma-
tion, where the microenvironment is known to be acidic.
Its function in this context is unknown, but one possibility
is that it allows CXCR4hi neutrophils at sites of inflamma-
tion to reverse-migrate back into the circulation, by reduc-
ing their retention in the tissue.

13 | CONCLUSION

From original studies suggesting that neutrophils did not
express CXCR4 and did not migrate in response to SDF,
work over the last 16 years has revealed a critical role for
the CXCL12/CXCR4 chemokine axis in neutrophil biol-
ogy. CXCR4 has been shown to be a master regulator of
neutrophil retention in the bone marrow and mobilisation
during inflammatory responses in mouse at least and unex-
pectedly also in neutrophil clearance. Moreover, the identi-
fication of human CXCR4 mutations in WHIM patients
has led to the use of a CXCR4 antagonist, originally devel-
oped as an HIV antagonist, for treatment of these neu-
tropenic patients as an alternative to G-CSF treatment.

ORCID

Katia De Filippo http://orcid.org/0000-0002-2863-8888

REFERENCES

1. Bleul CC, Fuhlbrigge RC, Casasnovas JM, Aiuti A, Springer TA.
A highly efficacious lymphocyte chemoattractant, stromal cell-
derived factor 1 (SDF-1). J Exp Med. 1996;184:1101-1109.

2. Oberlin E, Amara A, Bachelerie F, et al. The CXC chemokine
SDF-1 is the ligand for LESTR/fusin and prevents infection by
T-cell-line-adapted HIV-1. Nature. 1996;382:833-835.

3. Ma Q, Jones D, Borghesani PR, et al. Impaired B-lymphopoiesis,
myelopoiesis, and derailed cerebellar neuron migration in
CXCR4- and SDF-1-deficient mice. Proc Natl Acad Sci USA.
1998;95:9448-9453.

4. Boldajipour B, Doitsidou M, Tarbashevich K, et al. Cxcl12
evolution–subfunctionalization of a ligand through altered interac-
tion with the chemokine receptor. Development. 2011;138:2909-
2914.

5. Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 entry cofac-
tor: functional cDNA cloning of a seven-transmembrane, G pro-
tein-coupled receptor. Science. 1996;272:872-877.

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

7. De Clercq E, Yamamoto N, Pauwels R, et al. Highly potent and
selective inhibition of human immunodeficiency virus by the

bicyclam derivative JM3100. Antimicrob Agents Chemother.
1994;38:668-674.

8. Hendrix CW, Flexner C, MacFarland RT, et al. Pharmacokinetics
and safety of AMD-3100, a novel antagonist of the CXCR-4 che-
mokine receptor, in human volunteers. Antimicrob Agents Che-
mother. 2000;44:1667-1673.

9. Liles WC, Broxmeyer HE, Rodger E, et al. Mobilization of
hematopoietic progenitor cells in healthy volunteers by
AMD3100, a CXCR4 antagonist. Blood. 2003;102:2728-2730.

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

11. 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.

12. Martin C, Bridger GJ, Rankin SM. Structural analogues of
AMD3100 mobilise haematopoietic progenitor cells from bone
marrow in vivo according to their ability to inhibit CXCL12
binding to CXCR4 in vitro. Br J Haematol. 2006;134:326-329.

13. Eash KJ, Means JM, White DW, Link DC. CXCR4 is a key
regulator of neutrophil release from the bone marrow under
basal and stress granulopoiesis conditions. Blood. 2009;113:4711-
4719.

14. Paredes-Z�u~niga S, Morales RA, Mu~noz-S�anchez S, et al.
CXCL12a/CXCR4b acts to retain neutrophils in caudal
hematopoietic tissue and to antagonize recruitment to an injury
site in the zebrafish larva. Immunogenetics. 2017;69:341-349.

15. Hernandez PA, Gorlin RJ, Lukens JN, et al. Mutations in the
chemokine receptor gene CXCR4 are associated with WHIM syn-
drome, a combined immunodeficiency disease. Nat Genet.
2003;34:70-74.

16. Gulino AV, Moratto D, Sozzani S, et al. Altered leukocyte
response to CXCL12 in patients with warts hypogammaglobu-
linemia, infections, myelokathexis (WHIM) syndrome. Blood.
2004;104:444-452.

17. Hess U, Ganser A, Schn€urch HG, et al. Myelokathexis treated
with recombinant human granulocyte-macrophage colony-stimu-
lating factor (rhGM-CSF). Br J Haematol. 1992;80:254-256.

18. Gulino AV. WHIM syndrome: a genetic disorder of leukocyte
trafficking. Curr Opin Allergy Clin Immunol. 2003;3:443-450.

19. Dale DC, Bolyard AA, Kelley ML, et al. The CXCR4 antagonist
plerixafor is a potential therapy for myelokathexis, WHIM syn-
drome. Blood. 2011;118:4963-4966.

20. McDermott DH, Liu Q, Velez D, et al. A phase 1 clinical trial of
long-term, low-dose treatment of WHIM syndrome with the
CXCR4 antagonist plerixafor. Blood. 2014;123:2308-2316.

21. Dar A, Schajnovitz A, Lapid K. Rapid mobilization of
hematopoietic progenitors by AMD3100 and catecholamines is
mediated by CXCR4-dependent SDF-1 release from bone marrow
stromal cells. Leukemia. 2011;25:1286-1296.

22. Dar A, Goichberg P, Shinder V, et al. Chemokine receptor
CXCR4-dependent internalization and resecretion of functional
chemokine SDF-1 by bone marrow endothelial and stromal cells.
Nat Immunol. 2005;6:1038-1046.

23. Redpath AN, Franc�ois M, Wong SP, Bonnet D, Rankin SM.
Two distinct CXCR4 antagonists mobilize progenitor cells in
mice by different mechanisms. Blood Adv. 2017;1:1934-1943.

DE FILIPPO AND RANKIN | 7 of 8



24. Kofuku Y, Yoshiura C, Ueda T, et al. Structural basis of the
interaction between chemokine stromal cell-derived factor-1/
CXCL12 and its G-protein-coupled receptor CXCR4. J Biol
Chem. 2009;284:35240-35250.

25. Rosenkilde MM, Gerlach LO, Jakobsen JS, Skerlj RT, Bridger
GJ, Schwartz TW. Molecular mechanism of AMD3100 antago-
nism in the CXCR4 receptor: transfer of binding site to the
CXCR3 receptor. J Biol Chem. 2004;279:3033-3041.

26. Murakami T, Kumakura S, Yamazaki T, et al. The novel CXCR4
antagonist KRH-3955 is an orally bioavailable and extremely
potent inhibitor of human immunodeficiency virus type 1 infec-
tion: comparative studies with AMD3100. Antimicrob Agents
Chemother. 2009;53:2940-2948.

27. Devi S, Wang Y, Chew WK, et al. Neutrophil mobilization via
plerixafor-mediated CXCR4 inhibition arises from lung
demargination and blockade of neutrophil homing to the bone
marrow. J Exp Med. 2013;210:2321-2336.

28. Liu Q, Li Z, Gao JL, et al. CXCR4 antagonist AMD3100 redis-
tributes leukocytes from primary immune organs to secondary
immune organs, lung, and blood in mice. Eur J Immunol.
2015;45:1855-1867.

29. Yipp BG, Kim JH, Lima R, et al. The lung is a host defense
niche for immediate neutrophil-mediated vascular protection. Sci
Immunol. 2017;2:1-13.

30. Wang J, Hossain M, Thanabalasuriar A, Gunzer M, Meininger C,
Kubes P. Visualizing the function and fate of neutrophils in ster-
ile injury and repair. Science. 2017;358:111-116.

31. Hargreaves DC, Hyman PL, Lu TT, et al. A coordinated change
in chemokine responsiveness guides plasma cell movements. J
Exp Med. 2001;194:45-56.

32. Rankin SM. The bone marrow: a site of neutrophil clearance. J
Leukoc Biol. 2010;88:241-251.

33. Nagase H, Miyamasu M, Yamaguchi M, et al. Cytokine-mediated
regulation of CXCR4 expression in human neutrophils. J Leukoc
Biol. 2002;71:711-717.

34. Wolach B, van der Laan LJ, Maianski NA, et al. Growth factors
G-CSF and GM-CSF differentially preserve chemotaxis of neu-
trophils aging in vitro. Exp Hematol. 2007;35:541-550.

35. Furze RC, Rankin SM. The role of the bone marrow in neu-
trophil clearance under homeostatic conditions in the mouse.
FASEB J. 2008;22:3111-3119.

36. Casanova-Acebes M, Pitaval C, Weiss LA, et al. Rhythmic mod-
ulation of the hematopoietic niche through neutrophil clearance.
Cell. 2013;153:1025-1035.

37. Katayama Y, Battista M, Kao WM, et al. Signals from the sym-
pathetic nervous system regulate hematopoietic stem cell egress
from bone marrow. Cell. 2006;124:407-421.

38. Burdon PC, Martin C, Rankin SM. Migration across the sinu-
soidal endothelium regulates neutrophil mobilization in response
to ELR + CXC chemokines. Br J Haematol. 2008;142:
100-108.

39. De Filippo K, Dudeck A, Hasenberg M, et al. Mast cell and
macrophage chemokines CXCL1/CXCL2 control the early stage
of neutrophil recruitment during tissue inflammation. Blood.
2013;121:4930-4937.

40. Strydom N, Rankin SM. Regulation of circulating neutrophil
numbers under homeostasis and in disease. J Innate Immun.
2013;5:304-314.

41. Wengner AM, Pitchford SC, Furze RC, Rankin SM. The coordi-
nated action of G-CSF and ELR + CXC chemokines in neutrophil
mobilization during acute inflammation. Blood. 2008;111:42-49.

42. De Filippo K, Neill DR, Mathies M, et al. A new protective role
for S100A9 in regulation of neutrophil recruitment during inva-
sive pneumococcal pneumonia. FASEB J. 2014;28:3600-3608.

43. Eash KJ, Greenbaum AM, Gopalan PK, Link DC. CXCR2 and
CXCR4 antagonistically regulate neutrophil trafficking from mur-
ine bone marrow. J Clin Invest. 2010;120:2423-2431.

44. K€ohler A, De Filippo K, Hasenberg M, et al. G-CSF-mediated
thrombopoietin release triggers neutrophil motility and mobiliza-
tion from bone marrow via induction of Cxcr2 ligands. Blood.
2011;117:4349-4357.

45. Yamada M, Kubo H, Kobayashi S, et al. The increase in surface
CXCR4 expression on lung extravascular neutrophils and its
effects on neutrophils during endotoxin-induced lung injury. Cell
Mol Immunol. 2011;8:305-314.

46. Uhl B, Vadlau Y, Zuchtriegel G, et al. Aged neutrophils con-
tribute to the first line of defense in the acute inflammatory
response. Blood. 2016;128:2327-2337.

47. Tsung A, Tohme S, Billiar TR. High-mobility group box-1 in
sterile inflammation. J Intern Med. 2014;276:425-443.

48. Schiraldi M, Raucci A, Mu~noz LM, et al. HMGB1 promotes
recruitment of inflammatory cells to damaged tissues by forming
a complex with CXCL12 and signaling via CXCR4. J Exp Med.
2012;209:551-563.

49. Huebener P, Pradere JP, Hernandez C, et al. The HMGB1/RAGE
axis triggers neutrophil-mediated injury amplification following
necrosis. J Clin Invest. 2015;125:539-550.

50. Zirafi O, Kim KA, St€andker L, et al. Discovery and characteriza-
tion of an endogenous CXCR4 antagonist. Cell Rep.
2015;11:737-747.

How to cite this article: De Filippo K, Rankin SM.
CXCR4, the master regulator of neutrophil
trafficking in homeostasis and disease. Eur J Clin
Invest. 2018;48(Suppl. 2):e12949. https://doi.org/
10.1111/eci.12949

8 of 8 | DE FILIPPO AND RANKIN

https://doi.org/10.1111/eci.12949
https://doi.org/10.1111/eci.12949

