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The precise control of neutrophil-mediated inflammation is critical for both host defense and the prevention of immunopathology.
In vivo imaging studies in zebrafish, and more recently in mice, have made the novel observation that neutrophils leave a site
of inflammation through a process called neutrophil reverse migration. The application of advanced imaging techniques to
the genetically tractable, optically transparent zebrafish larvae was critical for these advances. Still, the mechanisms underlying
neutrophil reverse migration and its effects on the resolution or priming of immune responses remain unclear. Here, we review
the current knowledge of neutrophil reverse migration, its potential roles in host immunity, and the live imaging tools that make
zebrafish a valuable model for increasing our knowledge of neutrophil behavior in vivo.

1. Introduction

“Certain of the lower animals, transparent enough to be
observed alive, clearly show in their midst a host of small
cells with moving extensions. In these animals the smallest
lesion brings an accumulation of these elements at the point
of damage. In small transparent larvae, it can easily be
shown that the moving cells, reunited at the damage point
do often close over foreign bodies [1].” Ilya Mechnikov,
one of the fathers of immunology, spoke these words at his
Nobel Prize lecture in 1908. More than one hundred years
after his seminal studies using transparent starfish larvae to
illuminate a role for phagocytosis in immunity, we are again
exploiting the power of transparent larvae for research on the
immune system. Studies of neutrophils in both humans and
mammalian model systems have brought great advances in
our knowledge of their functions; however, zebrafish, a small
tropical fish with transparent larvae, have demonstrated
that direct observation of neutrophils in live animals can
provide important insights that would have otherwise faced
significant technical challenges using mice.

Neutrophils are the most abundant leukocytes in both
humans and zebrafish, and they are critical for defending
the host against microbial infection [2]. In response to
wounding, infection, or other inflammatory stimuli, neu-
trophils are rapidly recruited to perform their well-known
effector functions: degranulation, phagocytosis, production
of reactive oxygen species (ROS), secretion of proinflam-
matory cytokines, and extrusion of neutrophil extracellular
traps (NETs) [3, 4]. These responses are acknowledged to
kill and sequester microorganisms at their site of entry
and promote the activation of the adaptive immune system
[4]. Until recently, it was thought that neutrophils, which
responded to a wound, had a single fate: death [5, 6].
There remains clear evidence for neutrophil apoptosis in
the abundance of pus that emanates from infected wounds,
and the clearance of dead neutrophils from the site of
inflammation has been demonstrated to occur through
phagocytosis by macrophages [4–7]. However, studies of
neutrophil wound responses using live zebrafish embryos
revealed for the first time that neutrophils could leave an
extravascular site of inflammation and persist in the host
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[8, 9]. This reverse migration process requires two distinct,
but related steps: migration of neutrophils away from the
inflamed area and reverse transendothelial migration to enter
the vascular lumen.

The observation that neutrophils can reverse migrate
away from a wound in zebrafish [8] and in mice [10]
raises new questions about neutrophil functions. First, the
mechanism that neutrophils use to perform reverse migra-
tion and the signals that trigger it are entirely unknown.
The fate of reverse-migrated neutrophils also remains to
be explored. However, recent studies have demonstrated
that neutrophils can affect the adaptive immune system
and regulate systemic inflammation in previously unappre-
ciated ways, raising intriguing possibilities for the roles of
reverse-migrated neutrophils. Because of the conservation
of functions between human and zebrafish neutrophils, as
well as the many tools available for live imaging and genetic
manipulation, zebrafish will certainly continue to be a critical
resource for elucidating the mechanisms and functions of
neutrophil reverse migration. Here, we review the features of
zebrafish and some of the tools that make them particularly
well suited to this task. Additionally, we will discuss the
current state of the neutrophil reverse migration field and its
implications for the regulation immune responses.

2. Zebrafish as a Model for Studies of Immunity

An important feature of any model organism is the ability
to infer similarity of function with the species of interest,
typically humans. The high conservation of immune cell
lineages and effector functions indicates the suitability
of zebrafish as a model through which we can better
understand the human immune system. Zebrafish have
many immune cell lineages in common with humans:
neutrophils [8, 11, 12], macrophages [11, 13–15], T cells
[16], B cells [17], mast cells [18], eosinophils [11, 19],
and basophils [11]. However, the 2–4 days-post-fertilization
larvae used for most zebrafish neutrophil research do not
have T or B cells [16]. Particularly important for the
study of neutrophil reverse migration is the conservation
of function within the innate immune system. Like human
neutrophils, zebrafish neutrophils are the first responders to
inflammatory stimuli, where they are able to phagocytose
bacteria and degranulate [15, 20, 21]. Further support for the
conservation of neutrophil functions is in the recapitulation
of neutrophil phenotypes in zebrafish models of Wiskott-
Aldrich syndrome (WAS), warts-hypogammaglobulinemia-
infections-myelokathexis (WHIM) syndrome, and leukocyte
adhesion deficiency-(LAD-) like syndrome [22–24]. Many
other immune effector functions are present in both fish and
mammals, and these have been expertly reviewed elsewhere
[25–28].

The genetic tractability of zebrafish is another attractive
point of this model system, and the tools available for genetic
manipulation are rapidly improving. Historically, suppres-
sion of gene expression in zebrafish has been performed by
morpholino oligonucleotides, nucleic acid analogs that bind
pre-mRNA to prevent splicing or the initiation of translation

[29]. This method has the disadvantage of being transient
and affecting the entire organism. However, more recent
developments indicate that shRNA-mediated knockdowns
are possible in zebrafish, which should allow the creation
of transgenics with tissue-specific knockdowns [30]. While
previous knockout technology relied on random mutagen-
esis and screening, new approaches promise to increase the
availability of knockout zebrafish to the community [23, 31].
Zinc finger nucleases (ZFN) and transcription activator-
like effector nucleases (TALEN) both rely on modular DNA
recognition motifs coupled to nucleases to introduce highly
localized DNA lesions [32–34]. Tissue specific, inducible
gene expression systems, such as those that rely on cre-
mediated recombination, are actively being developed and
will be critical in assessing the functions of genes whose long-
term expression is detrimental [35–37]. The relative ease of
transgenesis and the growing complement of tools for genetic
manipulation are a very attractive point of the zebrafish
model and should drive advances in understanding leukocyte
behavior.

Perhaps the single most significant advantage of zebrafish
larvae as a model organism is their optical clarity, which
allows for noninvasive, live imaging. Furthermore, live
zebrafish imaging can be accomplished with commonly
available confocal microscopes or fluorescence stereomicro-
scopes, obviating the need for highly specialized equipment
and techniques used for in vivo imaging in mice. The ability
to perform live imaging in zebrafish has been enabled by
the discovery of cell lineage-specific promoters that can
drive expression of fluorescent proteins that label cells or
other proteins of interest. Two promoters, myeloperoxidase
(mpx) and lysozyme c (lyz), are used to drive neutrophil-
specific expression [8, 12, 38, 39]. Recent advances have also
allowed tissue-specific expression in macrophages using the
macrophage-expressed gene-1 (mpeg1) and colony stimu-
lating factor 1 receptor (csf1r) promoters [14, 15]. These
promoters have enabled the creation of stable transgenic
lines and the characterization of neutrophil or macrophage
responses to wounds, infections, and other inflammatory
stimuli.

3. Imaging Tools Used to Advance
Zebrafish Research

The use of tissue-specific expression with powerful imaging
tools has facilitated the application of a cell biology toolkit
to zebrafish inflammation research and increased our funda-
mental knowledge of neutrophil motility and wound recruit-
ment. The first studies utilizing fluorescent neutrophils
in zebrafish larvae demonstrated that neutrophils rapidly
respond to mechanical wound-induced stimuli, which raised
two fundamental questions: (1) What are the intracellular
signals that promote directional migration and (2) What are
the signals recruiting neutrophils to wounds? Advances in
zebrafish imaging strategies have helped to answer both of
these questions.

In order to query the signaling responsible for neu-
trophil motility and wound responses, Yoo et al. applied
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several imaging techniques from cell biology [40]. The GFP-
tagged ratiometric probe, pleckstrin homology domain of
Akt (PHAKT-EGFP), allowed live imaging of PI(3,4)P2-
PI(3,4,5)P3 inside of neutrophils. Additionally, this study
made use of photoactivatable Rac, whose activity could be
induced in individual neutrophils with the targeted applica-
tion of 458 nm laser light [41]. Finally, the F-actin probes,
Lifeact and utrophin calponin homology domain (UtrCH),
allowed simultaneous in vivo imaging of total F-actin and
stable F-actin, respectively [42, 43]. Imaging of PHAKT-GFP
demonstrated that PI(3,4)P2-PI(3,4,5)P3 accumulated at the
leading edge of migrating neutrophils, and inhibition PI(3)K
prevented leading edge PI(3,4,5)P3 production, leading edge
protrusion, and neutrophil motility. While photoactivation
of Rac in normal neutrophils could be used to precisely
control motility, photoactivation in PI(3)K inhibited cells
could induce protrusions but not motility. Additionally, Rac
activation could not induce proper F-actin polarization in
PI(3)K-inhibited cells. This suggested a two-tiered model of
PI(3)K activity in migrating neutrophils, where PI(3)K was
needed for Rac-mediated leading edge protrusion but was
also necessary for Rac-independent F-actin polarization [40].

The question of how neutrophils are recruited to wounds
has also been partially answered by the application of
advanced imaging techniques to zebrafish research. The flu-
orescent, reversible, genetically encoded, ratiometric probe,
HyPer, is able to detect hydrogen peroxide production in vivo
[44]. Niethammer et al. used this probe to show that wound-
ing zebrafish fins induced a burst of hydrogen peroxide
that was necessary for the early recruitment of neutrophils
to wounds [45]. Wound-produced hydrogen peroxide was
subsequently demonstrated to attract neutrophils through
the oxidation-mediated activation of the src-family kinase,
Lyn. The ability to perform a neutrophil-specific rescue with
wild-type and oxidation-mutant Lyn, a major benefit of
the zebrafish system, was critical to confirming this finding
[46]. Overall, these advances have demonstrated the value
of coupling fluorescent bioprobes and fluorescent-tagged
proteins to live, in vivo studies of neutrophil behavior. The
continued innovation of advanced imaging techniques will
be critical to future advances in understanding neutrophil
behavior.

4. Neutrophils Leave Wounds via
Reverse Migration

Prior to the observation of neutrophil reverse migration, the
previous paradigm of neutrophil responses, based on mam-
malian studies, was that neutrophils underwent apoptosis
after responding to an inflammatory stimulus [5, 6]. The
process of macrophage clearance of apoptotic neutrophils
in tissues has been well established [4, 7]. However, a
previous study using an experimental rat model of nephritis
showed that intravascular neutrophils do not necessarily
undergo apoptosis but can leave a site of inflammation
through glomerular capillaries, suggesting that alternative
mechanisms may mediate resolution of neutrophil-mediated
inflammation [47]. In support of this idea, in vivo imaging

of zebrafish neutrophils was the first direct demonstration
that reverse migration was responsible for clearance of
neutrophils from the interstitium of wounded tissues [8].
Indeed, studies of neutrophil reverse migration in zebrafish
larvae have found that neutrophil apoptosis at a wound site
is a rare event, occurring in less than 3% of the responding
neutrophils [48]. Mathias et al. were able to demon-
strate this reverse migratory behavior by tracking wound-
responsive neutrophils in the transgenic (Tg) zebrafish line,
Tg(mpx : GFP), in which GFP is expressed specifically in
neutrophils. This study further demonstrated that neu-
trophils undergoing both forward and reverse migration to
a wound had nearly equivalent velocity and directionality,
implying that each was a robust, active process [8]. Using
zebrafish, other groups have also observed neutrophil reverse
migration under similar experimental conditions [38, 48,
49].

While illuminating, technical challenges prevented the
exploration of some questions about the fate and indi-
vidual behavior of neutrophils responding to a wound.
The application of the photoconvertible protein, Dendra2,
which can be switched from green to red fluorescence
with 405 nm light, allowed these questions to be more
definitively explored [50]. Dendra2-labeled neutrophils that
had reached a wound were photoconverted, permitting
detailed tracking of a small number of neutrophils. Thus,
it was determined that individual neutrophils often traffic
between the wound and the vasculature repeatedly before
leaving permanently. The significance of this oscillatory
behavior remains unclear, but it may reflect the competition
of signals between two endpoints. Transgenic zebrafish with
GFP-labeled vasculature, Tg(fli1 : EGFP), demonstrated that
some reverse-migrating neutrophils do enter the vascu-
lature, performing a true reverse transendothelial migra-
tion (Figures 1(a)–1(c)). While the oscillatory neutrophil
migration and reverse transendothelial migration appear to
be steps along a common pathway in the movement of
neutrophils away from inflamed tissue, it is not yet clear
what triggers the progression between these steps. Finally,
the fate of neutrophils that responded to wounds was
determined by tracking photoconverted neutrophils for two
days after wounding, demonstrating two important findings:
neutrophils survived for multiple days after wounding, and
they were found dispersed throughout the body without
obvious tissue preferences (Figure 1(d)) [9]. While these
observations of neutrophil reverse migration in zebrafish
were intriguing, they still faced criticism that this could be
a zebrafish or larva-specific phenomenon and not applicable
to mammals.

Around the time of the first observation of neutrophil
reverse migration in zebrafish, two groups made
observations that suggested the existence of neutrophil
reverse migration in mammalian systems. Primary human
neutrophils that were cocultured on monolayers of
endothelial cells in vitro were observed to transmigrate
through the endothelium and subsequently perform
reverse transendothelial migration to return to the apical
surface [51]. These reverse transmigrated (RT) neutrophils
demonstrated decreased adhesion to the endothelial surface
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(a) Unwounded fin

(b) Neutrophils respond to a wound

(d) Neutrophils disperse
after reverse migration

Needle
wounding

(c) Oscillation and reverse migration

Figure 1: Neutrophil reverse migration in zebrafish larvae. This diagram illustrates the behavior of neutrophils undergoing reverse migration
over an image of a 3-day postfertilization zebrafish larva that was PTU-treated to prevent pigmentation. (a) In unwounded larva, neutrophils
(green ovals) are present in the caudal hematopoietic tissue (CHT), which is situated between the caudal artery (red shading) and the caudal
vein (blue shading). (b) In response to a wound, neutrophils are mobilized from the CHT, and they migrate through the tissue towards a
wound. (c) The green to white color change represents the ability to photoconvert individual neutrophils that reach a wound. Neutrophils
often migrate between the wound and the vasculature multiple times before finally departing. Neutrophils have been observed performing
reverse migration by entering the vasculature and by migrating through tissues in zebrafish larvae. (d) Reverse migrated neutrophils (white)
are found dispersed throughout the body without an obvious tissue preference 2 days after leaving wounds.

and decreased tendency to undergo forward transendothelial
migration as compared to “fresh” neutrophils. Another
interesting finding from this study was a unique surface
phenotype for neutrophils that had undergone the reverse
migration process. CXCR1, the receptor for the neutrophil
chemoattractant IL-8, CD11b (integrin αM chain), and
CD54 (intercellular adhesion molecule-1) along with other
cell surface markers were used to distinguish the different
neutrophil populations. RT neutrophils were found to
be CD11bhighCD54highCXCR1low, which differentiated
them from freshly isolated (CD11blowCD54lowCXCR1high)
neutrophils [51]. Additionally, a study by Maletto et al.
found that neutrophils in mice that had been immunized
against ova peptide would transport an FITC-labeled ova

peptide from the site of footpad injection to local lymph
nodes. Extensive flow cytometric and histopathologic
analysis demonstrated that the cells bearing ova-FITC
were indeed neutrophils. One caveat of this study was
that ova-FITC containing neutrophils were only found in
lymph nodes in the ipsilateral, but not contralateral leg,
to the site of ova administration, implying that lymphatic
drainage may have been responsible for their dissemination
[52]. While not definitive proof of reverse migration, these
findings supported the idea that neutrophils could survive
after responding to an inflammatory stimulus and could
affect the immune response in a manner spatiotemporally
separated from the site of this stimulus. Subsequent in vivo
studies in mice have also demonstrated that neutrophils can
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directly interact with B cells and T cells in lymphoid tissue,
further strengthening the concept of neutrophils existing
outside of their conventional roles [10, 53–55].

The most direct support for the observations of reverse
migration in zebrafish has come from a recent intrav-
ital imaging study using mice. Woodfin et al. used a
system in which intrascrotal inflammation, induced by
ischemia-reperfusion injury, allowed the monitoring of
fluorescently-labeled neutrophils. Approximately 10% of
the transendothelial migration events observed with this
assay were reverse transendothelial migration. Additionally,
it was observed that ischemia-reperfusion injury disrupted
the localization of junctional adhesion molecule C (JAM-
C) to endothelial junctions and that mice with JAM-
C−/− endothelial cells demonstrated an increase in reverse
transendothelial migration, reaching greater than 50% of
total transendothelial migration events [10]. It is important
to note that this study did not address the migration of
neutrophils in the tissue parenchyma, and this will be an
interesting area for future study. These findings of neutrophil
reverse migration in mice and in vitro are paralleled by
monocyte studies that demonstrated reverse transendothelial
migration with similar kinetics and regulation by JAM-
C [56, 57]. This suggests a possible conservation in the
mechanisms that mediate reverse transendothelial migration
of neutrophils and macrophages.

Several differences have been observed between zebrafish
and mammalian reverse migration that await further investi-
gation. While all of the reverse migration events described
thus far in mice involve transendothelial migration, some
neutrophils are able to disperse throughout the body of
the zebrafish larva without entering the vasculature. Most
apparent is that nearly all wound responsive neutrophils per-
form reverse migration in zebrafish, whereas approximately
10% do so under the observed conditions in mice [9, 10].
We believe that this discrepancy may be the result of using
larva versus adult animals, species-specific differences, or the
type of inflammatory stimulus. However, the high percentage
of reverse migrating neutrophils may provide a substantial
benefit in studies of reverse migration. Mammalian studies
have supported the utility of using zebrafish to study reverse
migration; however, neither system has yielded a definitive
answer on the mechanisms that mediate reverse migration.

5. The Mechanisms Driving Reverse Migration

Recent work in zebrafish has implicated hypoxia-inducible
factor-1α (Hif-1α) in neutrophil reverse migration. Pharma-
cologic stabilization of Hif-1α or the expression of a domi-
nant active Hif-1α impaired resolution of inflammation by
neutrophil reverse migration [48]. While this is a promising
first step, it does not appear that Hif-1α is the dominant
factor regulating reverse migration.

The observed behavior of reverse migrating neutrophils,
as described above, can allow us to speculate on the potential
signaling mechanisms that are relevant to this process. As
reverse migration occurs both during active inflammation
and as part of the local resolution of neutrophil-mediated
inflammation, there may be two temporally distinct phases of

this process. During the early response to a wound, velocity
and directionality are equivalent during forward and reverse
neutrophil migration, suggesting that reverse migration is an
active process [8]. Therefore, a passive mechanism, such as
the loss of wound-derived chemoattractants and the random
dispersal of neutrophils, is not likely to be involved.

We speculate that the signals that trigger neutrophils
to perform reverse migration could include a competing
chemoattractant “pulling” them away from the wound, a
chemorepellent “pushing” them away from the would, or
both (Figures 2(a) and 2(b)). Because neutrophils often
migrate back to the vasculature after an inflammatory
response, chemoattractants emanating from the blood or
endothelium are attractive targets for promoting migration
away from a wound (Figure 2(a)). Interestingly, high concen-
trations of chemoattractants, including IL-8 (CXCL8), can
repel neutrophils in vitro and in vivo [58]. Other leukocytes
can also be repelled by high chemokine concentrations. T
cells are repelled by high concentrations of SDF-1 (CXCL12)
in vivo and in vitro [59], and monocytes can be repelled
by high concentrations of eotaxin-3 (CCL26) [60]. Thus,
it is also plausible that the wounded tissue could be a
source of both chemoattractants and chemorepellents in
competition with each other. Previous studies of leukocyte
chemorepulsion suggest that a wound chemoattractant at
sufficiently high concentration could also act as a chemore-
pellent. As a neutrophil approached the wounded tissue, the
concentration of chemorepellent would increase, potentially
overwhelming the effect of the chemoattractant and driving
the neutrophil away from the wound (Figure 2(b)).

Neutrophils respond to chemokines in a hierarchical
manner, preferring some over others, when faced with
competing gradients [61, 62]. The oscillatory migration of
neutrophils between wounds and the vasculature suggests
that a mechanism of competing chemoattractant gradients
between these locations is likely (Figure 2(c)) [8, 9]. In
this scenario, the signals promoting migration away from a
wound (Figures 2(a)-2(b)) would compete with the signals
attracting neutrophils to wounds. One complicating factor
for this model is that “fresh” neutrophils continue to arrive at
wounds after some have already reverse migrated, suggesting
that neutrophil intrinsic regulation may also be involved in
their oscillatory behavior and eventual departure. Therefore,
we believe that the most likely explanation for the oscillatory
behavior during the early wound response is a combina-
tion of competing chemokine gradients and neutrophil-
autonomous changes in chemokine receptor sensitivity. It is
known that neutrophils will internalize and downregulate G
protein coupled receptors, including many chemokine recep-
tors, after stimulation [63]. In this model, as neutrophils
approach a high concentration of chemoattractant at the
wound or vasculature, receptor desensitization would occur
and promote migration towards the competing gradient
(Figure 2(d)). Failure to internalize the CXCR4 receptor
prevents downregulation of CXCR4-mediated signalling and
is responsible for the retention of neutrophils in the bone
marrow or caudal hematopoietic tissue of WHIM syndrome
patients and a zebrafish model of WHIM syndrome, respec-
tively [24, 64–67]. This suggests that the dynamic regulation
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Figure 2: Proposed mechanisms for reversed migration. This diagram illustrates how chemoattractant gradients from the blood (red),
endothelium (purple), and wound (green) or chemorepellent gradients (orange) may influence reverse migration. The color of a
chemoattractant receptor matches the gradient to which it responds. (a)–(d) Reverse migration in the early wound response. (a)
Demonstration of neutrophil reverse migration towards blood or endothelium-derived chemoattractants. (b) Reverse migration of a
neutrophil away from a wound-derived chemorepellent. There could be competition between wound-derived chemoattractants (not shown)
and chemorepellents promoting reverse migration, or neutrophils may perform fugetaxis from areas of high chemoattractant concentration.
(c) Oscillatory behavior of neutrophils suggests competing gradients of chemoattractants may exist between the wound and vasculature. (d)
Receptor desensitization, via internalization or other mechanisms, may allow neutrophils to oscillate between the wound and the vasculature
while others are still actively responding to the wound. (e)–(f) Mechanisms that promote resolution of neutrophil-mediated inflammation
at wounds. (e) During the healing phase, wounded tissue may gradually produce less neutrophil chemoattractant, shifting the balance to
favor reverse migration. (f) Neutrophils that responded to a wound may initiate transcriptional changes favoring reverse migration from the
wound. Potential changes include altered expression or sensitivity of chemoattractant receptors.

of chemokine receptor surface expression or its sensitivity
to signaling is critical for allowing neutrophils to follow the
appropriate gradient of chemoattractant, which could be
necessary for performing reverse migration.

The eventual permanent departure of neutrophils from
the wound site indicates the second phase of the reverse
migration response. During this later phase, the wounded
tissue may gradually produce less chemoattractant or more
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chemorepellent as it heals, shifting the balance towards
reverse migration (Figure 2(e)). The time it takes for neu-
trophils to leave a wound, which can be several hours,
makes it possible that transcriptional changes may also be
involved. In a mechanism that may be cooperative with
declining chemoattractant gradients, neutrophils could be
programmed to activate transcriptional changes that favor
reverse migration after responding to an inflammatory stim-
ulus. The result could modify chemokine receptor expression
or sensitivity, shifting the balance towards reverse migration
(Figure 2(f)). Clearly, there are many possible mechanisms
internal and external to the neutrophil that may drive reverse
migration, making this an area ripe for rapid advancement.

6. Potential Roles for Reverse
Migrated Neutrophils

While current studies have not demonstrated a definite
role for reverse migrated neutrophils, the recent findings of
several groups have challenged the idea that neutrophils are
short-lived cells with narrowly defined functions. Because
reported neutrophil half-lives were less than 12 hours and
there was no knowledge of neutrophil reverse migration,
neutrophils were not thought to have immunomodulatory
roles other than through the cytokines and effectors that they
produced at sites of inflammation. However, recent reports
have challenged the short lifespan of neutrophils. Although
controversial, a recent study used 2H2O labeling to determine
that the in vivo half-life of human neutrophils was 3.8 days
(total lifespan: approximately 5.4 days) [68–71]. Others have
also reported neutrophil lifetimes that were longer than 24
hours. Neutrophils that underwent reverse transendothelial
migration, trafficked to lymph nodes, or were cocultured
with TNF-α/IL-17 stimulated synovial fibroblasts had their
expected lifetimes extended [51, 52, 72]. Zebrafish neu-
trophils that underwent reverse migration could also be
found for at least 2 days after they had left a wound [9].
While evidence supports the existence of reverse migration
and prolonged neutrophil life in vivo, data supporting either
a proinflammatory or anti-inflammatory role for reverse
migrated neutrophils remain plausible.

An intriguing correlation between studies of reverse
migrated neutrophils and immunomodulatory neutrophils
is that these populations appear to have an activated
phenotype that is characterized by elevated CD11b and
elevated CD54 expression (Table 1) [10, 51–55]. CD11bhigh

neutrophils were found to transport fluorescent antigen to
lymph nodes and survive for an extended period. Although
direct interaction with lymphocytes was not documented,
neutrophil depletion resulted in increased IL-5 production,
which suggested that neutrophils could be altering cytokine
production by CD4+ T cells [52]. A more recent study found
that CD11bhighCD54highCD62LlowCD16high neutrophils were
induced after injecting healthy human subjects with LPS or
in severely injured trauma patients, and that this neutrophil
population was capable of inhibiting antigen-dependent
and- independent T cell proliferation. Catalase treatment
or Mac-1 integrin (CD11b/CD18) blocking decreased the

Table 1: Comparison of surface phenotypes between studies of
neutrophil reverse migration and immunomodulation by neu-
trophils. CD11b (integrin αM), which is a component of Mac-1
integrin, and CD54 (ICAM-1) were the surface molecules with
the most overlap between these studies. Blank spaces indicate that
the expression of this molecule was not addressed by a particular
study. The (↑) indicates that expression of the indicated molecule
was elevated over the appropriate control sample of neutrophils
(non reverse migrated, not responsible for neutrophil effects on
lymphocytes, etc.).

CD11b CD54

Reverse migration

Buckley et al. 2006 [51] ↑ ↑
Woodfin et al. 2011 [10] ↑

Immunomodulation

Maletto et al. 2006 [52] ↑
Ostanin et al. 2012 [53] ↑ ↑
Pillay et al. 2012 [54] ↑ ↑
Puga et al. 2012. [55] ↑ ↑

neutrophil inhibitory function, and imaging revealed that
H2O2 was produced at neutrophil T cell contacts, suggesting
a model in which activated neutrophils could form a synapse-
like structure and deliver proliferation-inhibiting H2O2 to
T cells (Figure 3) [54]. Another interesting population of
CD11bhighCD54high neutrophils was recently found in the
marginal zone of the spleen. These neutrophils expressed
MHC class II, which is normally found on professional
antigen presenting cells and had the ability to promote anti-
body diversification and production by splenic B cells. These
neutrophils populated the splenic lymphoid follicles after
acquiring gut-associated-microbial products, suppressed T
cell proliferation, and promoted antibody production to T
cell-independent antigens (Figure 3) [55]. Taken together,
these findings support the idea that neutrophils are able
to acquire material from extravascular tissue, return to
and survive in lymphoid tissue, and modulate the adaptive
immune response. The ability to retrieve antigen outside of
the bloodstream and the surface phenotype consistent with
reverse migrated neutrophils suggests the possibility that
neutrophils could perform reverse migration during their
trip back to lymphoid tissues.

While the effects of neutrophils on the adaptive
immune system described above could be viewed as anti-
inflammatory or immunomodulatory, a proinflammatory
role has also been proposed for reverse migrated neutrophils
[9, 10, 51]. Several lines of evidence lend support to this
hypothesis, which stems from the observations that severe,
localized trauma can lead to multiple organ failure and
neutrophil reverse migration. Neutrophils are thought to
be important in the pathogenesis of multiple organ failure,
which is associated with states of injury and heightened
inflammation [73, 74]. While the reverse migration of
neutrophils away from a site of inflammation may result
in local resolution of inflammation, the observation by
Yoo and Huttenlocher that reverse migrated neutrophils
disperse in tissues throughout the body of zebrafish sug-
gests the possibility that neutrophils could be promoting
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Figure 3: Potential functions of reverse migrated neutrophils. On the left side of the illustration, neutrophils (tan) are responding to
an extravascular inflammatory stimulus. After responding to the stimulus, neutrophils perform reverse migration (yellow) and enter the
vasculature. This process has been suggested as a mechanism to resolve inflammation at the local level. We are proposing the following as
potential functions of reverse migrated neutrophils. Neutrophils may modulate T-cell proliferation and cytokine production in an antigen-
independent or-dependent manner. Integrin-mediated neutrophil-T cell contact, hydrogen peroxide, and T cell receptor (TCR) signaling
have demonstrated importance in neutrophil-mediated regulation of T cell function. Neutrophils may promote antibody diversification,
class switching, and production by splenic B cells through the secretion of cytokines. Reverse migrated neutrophils may travel to distant
tissues and induce additional inflammation. Reverse-migrated neutrophils were implicated in inducing pulmonary inflammation in mice.

inflammation or tissue damage in these sites (Figure 3) [9].
Additionally, proinflammatory conditions such as ischemia-
reperfusion injury, rheumatoid arthritis, and chronic colitis
generate elevated numbers of neutrophils with the reverse-
migrated surface phenotype [10, 51, 53]. Mice with chronic
colitis were found to have neutrophils that presented antigen
to T cells in an MHC II-restricted manner, resulting in
increased T cell proliferation and proinflammatory cytokine
production [53]. Furthermore, after ischemia-reperfusion
injury in mice, pulmonary edema was observed, and neu-
trophils with a reverse migrated surface phenotype could be
found in the lung, suggesting that this neutrophil population
may promote inflammation at sites distant from the actual
injury (Figure 3) [10]. Reverse migrated neutrophils also
produce elevated amounts of reactive oxygen species, which
are thought to play a key role in the pathophysiology of
multiple organ failure [10, 51, 73, 74]. Although a pro-
or anti-inflammatory role for reverse migrated neutrophils
remains uncertain, many lines of evidence support the idea
that neutrophils can retrieve antigen from extravascular
tissues, move to distant organs, and influence the adaptive
immune response, leading us to believe that neutrophil
reverse migration could be playing a role in these neutrophil
functions.

7. Conclusions and Future Directions

The last five years have yielded exciting developments in
the study of neutrophil biology, including the process of

reverse migration, which are rapidly changing the view that
neutrophils are short-lived cells with narrowly defined effec-
tor functions. It seems that in at least some circumstances
neutrophils can regulate T cell activity and present antigen
in the context of MHC II, functions which were previously
ascribed to macrophages and dendritic cells, the professional
antigen presenting cells [52–55]. While evidence in support
of the existence of reverse migration in mammals continues
to grow, the mechanisms driving reverse migration and
the functions of reverse migrated neutrophils remain to be
further defined.

Continued progress towards these goals will require addi-
tional characterization of neutrophil forward and reverse
migration coupled with technical advances. In order to
fully understand the signaling that drives reverse migration,
we must better characterize the signaling that is recruiting
neutrophils to wounds. Currently, we know that a gradient of
H2O2 drives the early recruitment of neutrophils to wounds.
However, neutrophils still arrive at wounds with a 30–60
minute delay in the absence of wound-produced H2O2,
indicating that other chemoattractants are likely involved
at later time points [46]. Additionally, the chemoattractants
or chemorepellents that drive neutrophil reverse migration
remain entirely unknown. The intracellular signaling that
differentiates forward from reverse migration is also unex-
plored. Fully characterizing this signaling hierarchy would
be facilitated by chemical or genetic screening strategies
with the ability to read out changes in neutrophil-mediated
inflammation.
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Advances in our imaging capabilities in zebrafish will
also be critical to further progress in reverse migration
studies. While we can observe the movements of neu-
trophils responding to wounds in zebrafish, we currently
know little about their other functions in vivo. Tools that
allow live imaging of neutrophil activation and effector
functions—reactive oxygen species production, phagocyto-
sis, and degranulation—will be particularly valuable. Biosen-
sors that allow the activity of critical signaling pathways to
be monitored will help to integrate the roles of extracellular
cues and neutrophil effector functions on their wound
responses. A FRET-based Rac activity biosensor, which has
been applied to the study of primordial germ cell protrusion
and migration, is an example of the type of probe that will be
integral in understanding the signaling pathways controlling
reverse migration [75, 76].

Determining the function of reverse migrated neu-
trophils should also be a priority. Recent reports that neu-
trophils can modulate B cell and T cell functions demonstrate
the importance of characterizing these interactions in vivo.
Approaching this question with 2–4-day-old zebrafish larvae
is not possible, as they have not yet developed an adaptive
immune system [16]. As a result, the functions of zebrafish B
and T cells in response to inflammatory stimuli are poorly
characterized. Techniques that allow simultaneous in vivo
imaging of neutrophils, B cells, T cells, and effector molecules
in more developed zebrafish would allow a more definitive
determination of how these interactions shape immune
responses.

In order to fully understand the role of neutrophil reverse
migration, it will be necessary to determine how it impacts
immune homeostasis and disease. Models of immunod-
eficiency and inflammatory disease have been developed
in zebrafish larvae [22, 23, 77, 78]. However, a model of
neutrophil autonomous inflammatory disease has not yet
been developed in zebrafish. These and future disease models
can be used to determine if neutrophil reverse migration
is altered in pathologic states. Additionally, determination
of the signaling that drives reverse migration will allow
this process to be inhibited, which will be informative in
understanding how it may influence pathology.

While rapid progress has been made in the character-
ization of reverse migration in zebrafish and mice, much
remains to be learned about the underlying mechanisms
and functional consequences of this process. However, the
availability of powerful tools for genetic manipulation and
in vivo imaging makes it clear that the use of transparent
zebrafish larvae will allow researchers to continue probing
the secrets of neutrophil behavior in vivo.

Authors’ Contribution

T. W. Starnes and A. Huttenlocher wrote the paper.

Acknowledgments

This work was supported by National Institutes of Health
(NIH) Grant GM074827 (A. Huttenlocher). T. W. Starnes

received predoctoral funding support from the University
of Wisconsin Hematology Training Grant (NIH Grant
HL007899; John Sheehan, principal investigator) and the
University of Wisconsin Medical Scientist Training Program
training grant (NIH grant GM008692; Deane Mosher,
principal investigator). The authors would like to thank Qing
Deng for contributions to Figure 2 and Sa Kan Yoo for
critically reading this paper.

References

[1] I. Mechnikov, On the Present State of the Question of Immunity
in Infectious Diseases, Nobel Lecture, 1908.

[2] G. J. Lieschke, A. C. Oates, M. O. Crowhurst, A. C. Ward, and
J. E. Layton, “Morphologic and functional characterization
of granulocytes and macrophages in embryonic and adult
zebrafish,” Blood, vol. 98, no. 10, pp. 3087–3096, 2001.

[3] N. Borregaard, “Neutrophils, from marrow to microbes,”
Immunity, vol. 33, no. 5, pp. 657–670, 2010.

[4] C. Nathan, “Neutrophils and immunity: challenges and
opportunities,” Nature Reviews Immunology, vol. 6, no. 3, pp.
173–182, 2006.

[5] J. Savill and C. Haslett, “Granulocyte clearance by apoptosis in
the resolution ofinflammation,” Seminars in Cell Biology, vol.
6, no. 6, pp. 385–393, 1995.

[6] D. L. Bratton and P. M. Henson, “Neutrophil clearance: when
the party is over, clean-up begins,” Trends in Immunology, vol.
32, no. 8, pp. 350–357, 2011.

[7] G. Cox, J. Crossley, and Z. Xing, “Macrophage engulfment
of apoptotic neutrophils contributes to the resolution of
acute pulmonary inflammation in vivo,” American Journal of
Respiratory Cell and Molecular Biology, vol. 12, no. 2, pp. 232–
237, 1995.

[8] J. R. Mathias, B. J. Perrin, T. X. Liu, J. Kanki, A. T. Look, and
A. Huttenlocher, “Resolution of inflammation by retrograde
chemotaxis of neutrophils in transgenic zebrafish,” Journal of
Leukocyte Biology, vol. 80, no. 6, pp. 1281–1288, 2006.

[9] S. K. Yoo and A. Huttenlocher, “Spatiotemporal photola-
beling of neutrophil trafficking during inflammation in live
zebrafish,” Journal of Leukocyte Biology, vol. 21, no. 4, pp. 735–
745, 2011.

[10] A. Woodfin, M. B. Voisin, M. Beyrau et al., “The junctional
adhesion molecule JAM-C regulates polarized transendothe-
lial migration of neutrophils in vivo,” Nature Immunology, vol.
12, pp. 761–769, 2011.

[11] C. M. Bennett, J. P. Kanki, J. Rhodes et al., “Myelopoiesis in
the zebrafish, Danio rerio,” Blood, vol. 98, no. 3, pp. 643–651,
2001.

[12] S. A. Renshaw, C. A. Loynes, D. M. I. Trushell, S. Elworthy,
P. W. Ingham, and M. K. B. Whyte, “A transgenic zebrafish
model of neutrophilic inflammation,” Blood, vol. 108, no. 13,
pp. 3976–3978, 2006.

[13] P. Herbomel, B. Thisse, and C. Thisse, “Ontogeny and
behaviour of early macrophages in the zebrafish embryo,”
Development, vol. 126, no. 17, pp. 3735–3745, 1999.

[14] C. Gray, C. A. Loynes, M. K. B. Whyte, D. C. Crossman,
S. A. Renshaw, and T. J. A. Chico, “Simultaneous intravital
imaging of macrophage and neutrophil behaviour during
inflammation using a novel transgenic zebrafish,” Thrombosis
and Haemostasis, vol. 105, no. 5, pp. 811–819, 2011.



10 Advances in Hematology

[15] F. Ellett, L. Pase, J. W. Hayman, A. Andrianopoulos, and G.
J. Lieschke, “mpeg1 promoter transgenes direct macrophage-
lineage expression in zebrafish,” Blood, vol. 117, no. 4, pp. e49–
e56, 2011.

[16] D. M. Langenau, A. A. Ferrando, D. Traver et al., “In vivo
tracking of T cell development, ablation, and engraftment in
transgenic zebrafish,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 101, no. 19, pp.
7369–7374, 2004.

[17] N. Danilova and L. A. Steiner, “B cells develop in the zebrafish
pancreas,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 99, no. 21, pp. 13711–13716,
2002.

[18] J. T. Dobson, J. Seibert, E. M. Teh et al., “Carboxypeptidase A5
identifies a novel mast cell lineage in the zebrafish providing
new insight into mast cell fate determination,” Blood, vol. 112,
no. 7, pp. 2969–2972, 2008.

[19] K. M. Balla, G. Lugo-Villarino, J. M. Spitsbergen et al.,
“Eosinophils in the zebrafish: prospective isolation, charac-
terization, and eosinophilia induction by helminth determi-
nants,” Blood, vol. 116, no. 19, pp. 3944–3954, 2010.

[20] E. Colucci-Guyon, J. Y. Tinevez, S. A. Renshaw, and P. Her-
bomel, “Strategies of professional phagocytes in vivo: unlike
macrophages, neutrophils engulf only surface-associated
microbes,” Journal of Cell Science, vol. 124, no. 18, pp. 3053–
3059, 2011.

[21] D. Le Guyader, M. J. Redd, E. Colucci-Guyon et al., “Origins
and unconventional behavior of neutrophils in developing
zebrafish,” Blood, vol. 111, no. 1, pp. 132–141, 2008.

[22] Q. Deng, S. K. Yoo, P. J. Cavnar, J. M. Green, and A. Hutten-
locher, “Dual roles for Rac2 in neutrophil motility and active
retention in zebrafish hematopoietic tissue,” Developmental
Cell, vol. 21, no. 4, pp. 735–745, 2011.

[23] A. Cvejic, C. Hall, M. Bak-Maier et al., “Analysis of WASp
function during the wound inflammatory response—live-
imaging studies in zebrafish larvae,” Journal of Cell Science, vol.
121, no. 19, pp. 3196–3206, 2008.

[24] K. B. Walters, J. M. Green, J. C. Surfus, S. K. Yoo, and
A. Huttenlocher, “Live imaging of neutrophil motility in a
zebrafish model of WHIM syndrome,” Blood, vol. 116, no. 15,
pp. 2803–2811, 2010.

[25] D. Carradice and G. J. Lieschke, “Zebrafish in hematology:
sushi or science?” Blood, vol. 111, no. 7, pp. 3331–3342, 2008.

[26] N. S. Trede, D. M. Langenau, D. Traver, A. T. Look, and
L. I. Zon, “The use of zebrafish to understand immunity,”
Immunity, vol. 20, no. 4, pp. 367–379, 2004.

[27] G. J. Lieschke and N. S. Trede, “Fish immunology,” Current
Biology, vol. 19, no. 16, pp. R678–R682, 2009.

[28] S. A. Renshaw and N. S. Trede, “A model 450 million years
in the making: zebrafish and vertebrate immunity,” Disease
Models & Mechanisms, vol. 5, no. 1, pp. 38–47, 2012.

[29] P. A. Morcos, “Achieving targeted and quantifiable alteration
of mRNA splicing with Morpholino oligos,” Biochemical and
Biophysical Research Communications, vol. 358, no. 2, pp. 521–
527, 2007.

[30] M. Dong, Y. F. Fu, T. T. Du et al., “Heritable and lineage-
specific gene knockdown in Zebrafish embryo,” PLoS ONE,
vol. 4, no. 7, Article ID e6125, 2009.

[31] E. Wienholds, F. van Eeden, M. Kosters, J. Mudde, R.
H. A. Plasterk, and E. Cuppen, “Efficient target-selected
mutagenesis in zebrafish,” Genome Research, vol. 13, no. 12,
pp. 2700–2707, 2003.

[32] J. E. Foley, J. R. J. Yeh, M. L. Maeder et al., “Rapid mutation of
endogenous zebrafish genes using zinc finger nucleases made

by oligomerized pool ENgineering (OPEN),” PLoS ONE, vol.
4, no. 2, article e4348, 2009.

[33] M. Christian, T. Cermak, E. L. Doyle et al., “Targeting DNA
double-strand breaks with TAL effector nucleases,” Genetics,
vol. 186, no. 2, pp. 756–761, 2010.

[34] T. Li, S. Huang, W. Z. Jiang et al., “TAL nucleases (TALNs):
hybrid proteins composed of TAL effectors and FokI DNA-
cleavage domain,” Nucleic Acids Research, vol. 39, no. 1, pp.
359–372, 2011.

[35] S. Hans, D. Freudenreich, M. Geffarth, J. Kaslin, A. Machate,
and M. Brand, “Generation of a non-leaky heat shock-
inducible Cre line for conditional Cre/lox strategies in
zebrafish,” Developmental Dynamics, vol. 240, no. 1, pp. 108–
115, 2011.

[36] C. Mosimann, C. K. Kaufman, P. Li, E. K. Pugach, O. J.
Tamplin, and L. I. Zon, “Ubiquitous transgene expression and
Cre-based recombination driven by the ubiquitin promoter in
zebrafish,” Development, vol. 138, no. 1, pp. 169–177, 2011.

[37] C. Mosimann and L. I. Zon, “Advanced zebrafish transgenesis
with Tol2 and application for Cre/lox recombination experi-
ments,” Methods in Cell Biology, vol. 104, pp. 173–194, 2011.

[38] C. Hall, M. Flores, T. Storm, K. Crosier, and P. Crosier,
“The zebrafish lysozyme C promoter drives myeloid-specific
expression in transgenic fish,” BMC Developmental Biology,
vol. 7, article 42, 2007.

[39] A. H. Meijer, A. M. van der Sar, C. Cunha et al., “Identification
and real-time imaging of a myc-expressing neutrophil popula-
tion involved in inflammation and mycobacterial granuloma
formation in zebrafish,” Developmental and Comparative
Immunology, vol. 32, no. 1, pp. 36–49, 2008.

[40] S. K. Yoo, Q. Deng, P. J. Cavnar, Y. I. Wu, K. M. Hahn,
and A. Huttenlocher, “Differential regulation of protrusion
and polarity by PI(3)K during neutrophil motility in live
zebrafish,” Developmental Cell, vol. 18, no. 2, pp. 226–236,
2010.

[41] Y. I. Wu, D. Frey, O. I. Lungu et al., “A genetically encoded
photoactivatable Rac controls the motility of living cells,”
Nature, vol. 461, no. 7260, pp. 104–108, 2009.

[42] J. Riedl, A. H. Crevenna, K. Kessenbrock et al., “Lifeact: a
versatile marker to visualize F-actin,” Nature Methods, vol. 5,
no. 7, pp. 605–607, 2008.

[43] B. M. Burkel, G. Von Dassow, and W. M. Bement, “Versatile
fluorescent probes for actin filaments based on the actin-
binding domain of utrophin,” Cell Motility and the Cytoskele-
ton, vol. 64, no. 11, pp. 822–832, 2007.

[44] V. V. Belousov, A. F. Fradkov, K. A. Lukyanov et al., “Geneti-
cally encoded fluorescent indicator for intracellular hydrogen
peroxide,” Nature Methods, vol. 3, no. 4, pp. 281–286, 2006.

[45] P. Niethammer, C. Grabher, A. T. Look, and T. J. Mitchison,
“A tissue-scale gradient of hydrogen peroxide mediates rapid
wound detection in zebrafish,” Nature, vol. 459, no. 7249, pp.
996–999, 2009.

[46] S. K. Yoo, T. W. Starnes, Q. Deng, and A. Huttenlocher, “Lyn
is a redox sensor that mediates leukocyte wound attraction in
vivo,” Nature, vol. 480, no. 7375, pp. 109–112, 2011.

[47] J. Hughes, R. J. Johnson, A. Mooney, C. Hugo, K. Gordon,
and J. Savill, “Neutrophil fate in experimental glomerular
capillary injury in the rat: emigration exceeds in situ clearance
by apoptosis,” American Journal of Pathology, vol. 150, no. 1,
pp. 223–234, 1997.

[48] P. M. Elks, F. J. Van Eeden, G. Dixon et al., “Activation
of hypoxia-inducible factor-1α (hif-1α) delays inflammation
resolution by reducing neutrophil apoptosis and reverse



Advances in Hematology 11

migration in a zebrafish inflammation model,” Blood, vol. 118,
no. 3, pp. 712–722, 2011.

[49] S. B. Brown, C. S. Tucker, C. Ford, Y. Lee, D. R. Dunbar, and
J. J. Mullins, “Class III antiarrhythmic methanesulfonanilides
inhibit leukocyte recruitment in zebrafish,” Journal of Leuko-
cyte Biology, vol. 82, no. 1, pp. 79–84, 2007.

[50] N. G. Gurskaya, V. V. Verkhusha, A. S. Shcheglov et al.,
“Engineering of a monomeric green-to-red photoactivatable
fluorescent protein induced by blue light,” Nature Biotechnol-
ogy, vol. 24, no. 4, pp. 461–465, 2006.

[51] C. D. Buckley, E. A. Ross, H. M. McGettrick et al., “Identifica-
tion of a phenotypically and functionally distinct population
of long-lived neutrophils in a model of reverse endothelial
migration,” Journal of Leukocyte Biology, vol. 79, no. 2, pp.
303–311, 2006.

[52] B. A. Maletto, A. S. Ropolo, D. O. Alignani et al., “Presence
of neutrophil-bearing antigen in lymphoid organs of immune
mice,” Blood, vol. 108, no. 9, pp. 3094–3102, 2006.

[53] D. V. Ostanin, E. Kurmaeva, K. Furr et al., “Acquisition of
antigen-presenting functions by neutrophils isolated from
mice with chronic colitis,” The Journal of Immunology, vol.
188, no. 3, pp. 1491–1502, 2012.

[54] J. Pillay, V. M. Kamp, E. van Hoffen et al., “A subset of
neutrophils in human systemic inflammation inhibits T cell
responses through Mac-1,” The Journal of Clinical Investiga-
tion, vol. 122, no. 1, pp. 327–336, 2012.

[55] I. Puga, M. Cols, C. M. Barra et al., “B cell-helper neutrophils
stimulate the diversification and production of immunoglob-
ulin in the marginal zone of the spleen,” Nature Immunology,
vol. 13, no. 2, pp. 170–180, 2012.

[56] P. F. Bradfield, C. Scheiermann, S. Nourshargh et al., “JAM-C
regulates unidirectional monocyte transendothelial migration
in inflammation,” Blood, vol. 110, no. 7, pp. 2545–2555, 2007.

[57] G. J. Randolph and M. B. Furie, “Mononuclear phagocytes
egress from an in vitro model of the vascular wall by migrating
across endothelium in the basal to apical direction: role
of intercellular adhesion molecule 1 and the CD11/CD18
integrins,” Journal of Experimental Medicine, vol. 183, no. 2,
pp. 451–462, 1996.

[58] W. G. Tharp, R. Yadav, D. Irimia et al., “Neutrophil chemore-
pulsion in defined interleukin-8 gradients in vitro and in vivo,”
Journal of Leukocyte Biology, vol. 79, no. 3, pp. 539–554, 2006.

[59] M. C. Poznansky, I. T. Olszak, R. Foxall, R. H. Evans, A. D.
Luster, and D. T. Scadden, “Active movement of T cells away
from a chemokine,” Nature Medicine, vol. 6, no. 5, pp. 543–
548, 2000.

[60] P. Ogilvie, S. Paoletti, I. Clark-Lewis, and M. Uguccioni,
“Eotaxin-3 is a natural antagonist for CCR2 and exerts a
repulsive effect on human monocytes,” Blood, vol. 102, no. 3,
pp. 789–794, 2003.

[61] A. Huttenlocher and M. C. Poznansky, “Reverse leukocyte
migration can be attractive or repulsive,” Trends in Cell
Biology, vol. 18, no. 6, pp. 298–306, 2008.

[62] B. Heit, S. Tavener, E. Raharjo, and P. Kubes, “An intracellular
signaling hierarchy determines direction of migration in
opposing chemotactic gradients,” Journal of Cell Biology, vol.
159, no. 1, pp. 91–102, 2002.

[63] S. S. G. Ferguson, “Evolving concepts in G protein-coupled
receptor endocytosis: Tte role in receptor desensitization and
signaling,” Pharmacological Reviews, vol. 53, no. 1, pp. 1–24,
2001.

[64] P. A. Hernandez, R. J. Gorlin, J. N. Lukens et al., “Mutations
in the chemokine receptor gene CXCR4 are associated with

WHIM syndrome, a combined immunodeficiency disease,”
Nature Genetics, vol. 34, no. 1, pp. 70–74, 2003.

[65] K. Balabanian, B. Lagane, J. L. Pablos et al., “WHIM syn-
dromes with different genetic anomalies are accounted for by
impaired CXCR4 desensitization to CXCL12,” Blood, vol. 105,
no. 6, pp. 2449–2457, 2005.

[66] D. H. McDermott, Q. Liu, J. Ulrick et al., “The CXCR4
antagonist plerixafor corrects panleukopenia in patients with
WHIM syndrome,” Blood, vol. 118, no. 18, pp. 4957–4962,
2011.

[67] D. C. Dale, A. A. Bolyard, M. L. Kelley et al., “The CXCR4
antagonist plerixafor is a potential therapy for myelokathexis,
WHIM syndrome,” Blood, vol. 118, no. 18, pp. 4963–4966,
2011.

[68] J. Pillay, I. Den Braber, N. Vrisekoop et al., “In vivo labeling
with 2H2O reveals a human neutrophil lifespan of 5.4 days,”
Blood, vol. 116, no. 4, pp. 625–627, 2010.

[69] K. W. Li, S. M. Turner, C. L. Emson, M. K. Hellerstein, and D.
C. Dale, “Deuterium and neutrophil kinetics,” Blood, vol. 117,
no. 22, pp. 6052–6053, 2011.

[70] P. S. Tofts, T. Chevassut, M. Cutajar, N. G. Dowell, and A.
M. Peters, “Doubts concerning the recently reported human
neutrophil lifespan of 5.4 days,” Blood, vol. 117, no. 22, pp.
6050–6052, 2011.

[71] J. Pillay, I. den Braber, N. Vrisekoop et al., “The in vivo half-life
of human neutrophils,” Blood, vol. 117, no. 22, pp. 6053–6054,
2011.

[72] G. Parsonage, A. Filer, M. Bik et al., “Prolonged, granulocyte-
macrophage colony-stimulating factor-dependent, neutrophil
survival following rheumatoid synovial fibroblast activation
by IL-17 and TNFalpha,” Arthritis Research and Therapy, vol.
10, no. 2, article R47, 2008.

[73] T. Tsukamoto, R. S. Chanthaphavong, and H. C. Pape,
“Current theories on the pathophysiology of multiple organ
failure after trauma,” Injury, vol. 41, no. 1, pp. 21–26, 2010.

[74] D. Dewar, F. A. Moore, E. E. Moore, and Z. Balogh, “Postinjury
multiple organ failure,” Injury, vol. 40, no. 9, pp. 912–918,
2009.

[75] E. Kardash, J. Bandemer, and E. Raz, “Imaging protein activity
in live embryos using fluorescence resonance energy transfer
biosensors,” Nature Protocols, vol. 6, no. 12, pp. 1835–1846,
2011.

[76] H. Xu, E. Kardash, S. Chen, E. Raz, and F. Lin, “Gβγ signaling
controls the polarization of zebrafish primordial germ cells by
regulating Rac activity,” Development, vol. 139, no. 1, pp. 57–
62, 2012.

[77] M. E. Dodd, J. Hatzold, J. R. Mathias et al., “The ENTH
domain protein Clint1 is required for epidermal homeostasis
in zebrafish,” Development, vol. 136, no. 15, pp. 2591–2600,
2009.

[78] J. R. Mathias, M. E. Dodd, K. B. Walters et al., “Live imaging of
chronic inflammation caused by mutation of zebrafish Hai1,”
Journal of Cell Science, vol. 120, no. 19, pp. 3372–3383, 2007.



Submit your manuscripts at
http://www.hindawi.com

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

MEDIATORS
INFLAMMATION

of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Behavioural 
Neurology

Endocrinology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Oncology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oxidative Medicine and 
Cellular Longevity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

PPAR Research

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Obesity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Ophthalmology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Diabetes Research
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
AIDS

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gastroenterology 
Research and Practice

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Evidence-Based 
Complementary and 
Alternative Medicine

Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com


