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Neutrophil granulocytes are key effector cells of the vertebrate immune system. They represent 50–70% of the leukocytes in the
human blood and their loss by disease or drug side effect causes devastating bacterial infections. Their high turnover rate, their
fine-tuned killing machinery, and their arsenal of toxic vesicles leave them particularly vulnerable to various genetic deficiencies.
The aim of this review is to highlight those congenital immunodeficiencies which impede the dynamics of neutrophils, such as
migration, cytoskeletal rearrangements, vesicular trafficking, and secretion.

1. Introduction

Congenital immunodeficiencies related to neutropenia or
neutrophil dysfunction account for 10–20% of primary
immunodeficiencies [1, 2]. These diseases are characterized
by severe recurrent bacterial and fungal infections which
often affect the respiratory tract, skin, and oral cavity and
sometimes manifest at unusual sites such as brain or liver
abscesses.

Neutrophils are first responders to bacterial infections.
They follow various chemotactic gradients and they are
recruited in large numbers from blood through the endothe-
lium to the infected tissue where they release vesicles
loaded with proteolytic enzymes and antimicrobial pep-
tides (Figure 1). Upon encountering bacteria neutrophils
capture, ingest, and kill them by production of reactive
oxygen species. Abnormalities in any aspects of neutrophil
development and/or function induce immunodeficiency or
aberrant inflammatory reactions (Table 1) which reflects in
the complexity of the diagnosis of these diseases [2]. A
common denominator in these diseases is failure to properly
regulate the actin cytoskeleton by direct or indirect genetic
mutations. Such failure is implicated in decreased migratory
and adhesive properties, altered vesicle dynamics and release,
and perturbed assembly of the NADPH oxidase necessary
for antimicrobial killing by neutrophils. Here we propose
that the failure to regulate the actin cytoskeleton and vesicle

trafficking is a unifying component in many neutrophil
deficiencies.

2. Defects of the Actin Cytoskeleton
and Cell Adhesion

Actin is a globular protein which binds ATP (or ADP) and
can be found in all eukaryotic cells. Actin polymerization
in the cell cortex plays a fundamental role in cell motility.
Polymerized actin forms a leading edge, a membrane pro-
trusion in cells that creates sufficient forces to propel cell
movement. These propelling forces in molecular scale origi-
nate from rapid assembly and disassembly of globularG-actin
monomers to filamentous F-actin polymers [3]. Spontaneous
nucleation of actin filaments is slow since, unlike the polymer
which is stabilized by contacts between several subunits,
dimers and trimmers are unstable. Cells control new filament
assembly through the induction of nucleation promoting
factors such as theWASp/WAVE (Wiskott-Aldrich syndrome
protein/WASp-family verprolin-homologous protein) family
proteins. These factors stimulate the Arp2/3 protein complex
to nucleate actin polymerization in the side of an existing
polymer as a branch. New filaments grow rapidly, in a rate
limited by the concentration of available actin monomers,
and they push the plasma membrane forward. This transient
growth is terminated by the binding of capping proteins
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Figure 1: Neutrophil development, migration, and function. Diseases described in the review are indicated where they are believed to act.

to the fast-growing (barbed) end of the filament. Breakage
of filaments is catalyzed by actin-severing proteins such
as gelsolins and the ADF/cofilin family. Severed filaments
shorten and debranch. As a result of the action of nucleation
promoting factors, capping and actin severing proteins, and
several other actin binding accessory proteins, F-actin forms
a tightly regulated 3-dimensional network which is growing
in the leading edge and disassembles somedistance in the rear
thereby creating a plasma membrane protrusion [3].

Neutrophils polarize their cytoskeleton to form a leading
edge (lamellipodia or pseudopod) towards the signal of origin
and a trailing uropod in the posterior of the cell. While the
leading edge consists of highly branched and dynamic actin
filaments, the uropod is rich in actin-myosin II contractile
structure. During chemotaxis, the cells extend the leading
edge by local actin polymerization and contract the uropod
to allow movement in the direction of the signal. It has
become increasingly clear that the Rho GTPases Cdc42, Rac,
and Rho serve a key role in establishment of cell polarity.
By direct binding to the WASp family of proteins they
regulate localized actin polymerization and interaction with
cell surface chemokine receptors and integrins [4] (Figure 2).

2.1. 𝛽-Actin Dysfunctions. Actin proteins are highly con-
served evolutionary in vertebrates and their functional
integrity is essential for the survival of a complex organism.
Out of the six actin isoforms, the nonmuscle 𝛽-actin is
ubiquitously expressed in all cell types and the deletion of this
isoform is embryonic lethal in mice [5, 6]. A single case study
of a patient carrying a heterozygous 𝛽-actin E364K mutation
reported recurrent infections, thrombocytopenia, photosen-
sitivity, and mental retardation [7]. The patient exhibited
profound neutrophil functional defects in chemotaxis, super-
oxide production, and membrane potential response. These
defects were attributed to impaired binding of the E364K 𝛽-
actin to the actin-binding protein, profilin. Anothermutation
in 𝛽-actin, R183W, causes malformations, deafness, and
neurological abnormalities such as dystonia [8]. Yet another
set of mutations in 𝛽-actin have been recently identified
to cause Baraitser-Winter syndrome (BRWS). BRWS is a
rare condition, characterized by ocular colobomata, ptosis,
neuronal migration defect, distinct craniofacial anomalies,
and intellectual disability [9–11]. Remarkably, the neutrophil
dysfunction (𝛽-actin E364K), dystonia (𝛽-actin R183W) [8],
and BRWS [7, 9] cases were presumably caused by dominant
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Figure 2: Neutrophil polarity during migration. The role of the cell cytoskeleton and the proteins that regulate cell polarity is indicated.

missense mutations in 𝛽-actin. Although no immunological
defects were reported either in the 𝛽-actin R183W case or
BRWS cases, both reports found abnormal F-actin structures
in mutant 𝛽-actin transfected cell lines [8, 9]. The BRWS
associated R196H mutation induces greatly increased F-
actin with multiple, anomalous F-actin-rich, filopodia-like
protrusions compared to control cells in lymphoblastoid cell
lines [9]. Both the BRWS mutation R196H and the dystonia
mutation R183W mutation render F-actin more resistant to
the depolymerizing effect of Latrunculin A in lymphoblasts.
These results suggest that accumulation of filamentous actin
plays an important role in diseases caused by mutations
in 𝛽-actin. While there is yet no evidence that the R183W
and BRWS mutations in 𝛽-actin affect the immune system
broadly, given the neutrophil dysfunction in the E364K
patient together with the central role and abundance of 𝛽-
actin in leukocytes, we reason that neutrophil function is
likely to be compromised.

2.2. WASp Deficiency and Overactivity. Patients with
Wiskott-Aldrich syndrome (WAS) lack or have reduced
expression of WASp and suffer from combined immu-
nodeficiency with recurrent infections [12, 13]. WASp is
uniquely expressed in hematopoietic cells and resides as
an inactive form in the cytoplasm due to an autoinhibited
folding where its GTPase binding domain forms a molecular
interaction with the carboxy-terminal verprolin-cofilin
homology and acidic (VCA) domain. Upon signaling, the
small Rho GTPase Cdc42 binds to WASp that undergoes a
conformational change to open up the protein. This exposes
the carboxy-terminal part of the protein that binds directly to
the Arp2/3 complex and induces actin polymerization. It may
not be surprising that neutrophils lackingWASp have defects

in all responses that depend on the actin cytoskeleton such as
F-actin polymerization, migration, adhesion under flow, and
𝛽2-integrin clustering [14, 15]. WASp−/− neutrophils exhibit
multiple F-actin fronts and fail to redistribute CD11b into
clusters at the uropod [14, 16]. A recent report shows that
in neutrophils, WASp seems to be dispensable for F-actin
polymerization at the leading edge [16]. Instead, Cdc42
activates WASp at the uropod and facilitates microtubule
capture and stability at the uropod via clustering of CD11b
𝛽2 integrins [16].

Themore recently describedX-linked neutropenia (XLN)
is caused by mutations (L270P, S272P, I276S, and I294T)
in the GTPase binding domain of WASp and destroys
the autoinhibited conformation of WASp [12, 13]. These
mutations were initially predicted to lead to constitutively
activeWASp and as a consequence cells would have increased
load of polymerized actin [17]. Several laboratories have now
confirmed this hypothesis and shown markedly increased
polymerized actin in neutrophils, in macrophages, and in
B and T cells [18–22] (Keszei and Westerberg-unpublished
observation). XLN patients suffer from recurrent bacterial
infections because of severe neutropenia andmonocytopenia
[17, 18, 20] and they may develop cytogenetic changes
indicative of chromosomal instability, myelodysplasia, or
acute myeloid leukemia [18–20, 22]. Neutrophils from XLN
patients have decreased capacity to phagocytose bacteria and
kill them [18]. Oxidative burst in XLN neutrophils is normal
in response to PMA, while receptor-mediated oxidative burst
in response to E. coli or fMLP is reduced [18]. This suggests
that XLN neutrophils fail to effectively assemble signaling
complexes at the cell membrane. One recent report shows
that excess cytoplasmic F-actin in XLN causes increased
cellular viscosity and tension and this indirectly perturbed
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mitotic mechanics [23]. Membrane tension appears to be
one mode of long-range inhibition mechanisms. Membrane
tension nearly doubles during leading edge protrusions, and
increase in tension is sufficient for long-range inhibition
of Rac activation at the leading edge [24]. In contrast,
reducedmembrane tension activates actin assembly through-
out the cell [24]. Macrophages from XLN patients have
increased turnover rate of actin-rich adhesive structures
called podosomes [18] and murine XLN B and T cells can
adhere to antibody-coated layers but fail to coordinate cell
spreading [22]. B cells from XLN patients form less dynamic
contacts with L-selectin ligands under flow [21]. This is
likely to be caused by excessive localized production of
cortical F-actin that induces increased rigidity of microvilli
[21]. Neutrophils devoid of Rac2 (discussed below) are also
unable to adhere to L-selectin ligand under flow despite
normal levels of L-selectin expression [25]. Together this
highlights the importance for dynamic cytoskeletal rear-
rangement in L-selectin-dependent rolling on endothelial
cells. How increased load of polymerized actin in XLN affects
cell polarity, migration, and tension in neutrophils remains to
be determined.

2.3. Neutrophil Immunodeficiency Syndrome (Rac2). Rac2
belong to the Rho family of small GTPases that act as
molecular switches inside the cell by cycling between a GDP-
bound inactive form and a GTP-bound active form [26]. The
activity of Rho GTPases also depends on their localization
to lipid membranes by posttranslational addition of lipid
anchors. In neutrophils, Rac2 is highly polarized to the
leading edge where it regulates actin assembly by activating
the WASp family members. Another Rho GTPase, RhoA, is
localized to the trailing uropod where it coordinates actin-
myosin filaments. A third Rho GTPase member, Cdc42, is a
key regulator of cell polarity by assembly of the microtubule
organizing center (MTOC) between the leading edge and the
cell nucleus. Rac2 is highly expressed in neutrophils and is
essential to assembly of the NADPH oxidase that initiates
production of toxic oxygenmetabolites to kill pathogens [27].
Three patients with mutations in Rac2 have been identified
that suffer from a neutrophil immunodeficiency syndrome.
Curiously, all three patients harbor a D57N mutation within
the DX2G motif, conserved in all GTPases, that results in
a dominant negative protein. Rac2-D57N neutrophils show
complete loss of chemotaxis, azurophil granule secretion,
superoxide generation, and polarization in response to a
variety of receptor stimuli, especially the chemokine fMLP
[28–30]. Murine Rac2−/− neutrophils show a similar pheno-
type and have perturbed polarization and decreased capacity
to migrate in vitro and in vivo into the peritoneum [25].
Moreover, Rac2−/− neutrophil have decreased NADPH func-
tion associated with reduced clearance of the opportunistic
pathogen A. fumigatus.

The critical role of NADPH activity for neutrophil
function is highlighted in chronic granulomatous disease
(CGD), characterized by severe, life-threatening bacterial
and fungal infections and immune dysregulation [31]. CGD
is caused by mutation in any one of the five subunits of

the NADPH oxidase, including gp91phox (cytochrome b-
245, 𝛽-polypeptide, CYBB), p22phox (cytochrome b-245, 𝛼-
polypeptide, CYBA), p47phox (neutrophil cytosolic factor
1, NCF1), p67phox (NCF2), and p40phox (NCF4). CGD
patients have defective microbial activity resulting from
abolished superoxide production. Studies of CGD patients
neutrophils suggest that assembly of the NADPH complex
is not only important for oxidative killing of microbes. The
microbial spectrum of infections in CGD includes bacteria
that require neutral pH for effective nonoxidative killing and
are resistant at the acid pH found in the phagosomes of
CGD neutrophils. These include S. aureus, S. marcescens,
N. asteroids, and A. fumigatus. This implies that reactive
oxygen species produced by the NADPH oxidase also act as
intracellular signalling molecules, leading to the activation
of other nonoxidative pathways for microbial killing. One
possible mechanism whereby reactive oxygen species could
contribute to lamellipodia and thereby increased motility
of neutrophils is through cofilin. Reactive oxygen species
induce cofilin dephosphorylation through activation of the
cofilin phosphatase Slingshot [32]. When dephosphorylated,
cofilin binds existing cortical actin filaments and severs them.
This generates new barbed ends on the filaments to which
the Arp2/3 complex can bind and stimulate branching and
thereby increase dynamics of the lamellipodia [33]. One
implication is that, in the absence of NADPHoxidase activity,
neutrophils have less capacity to form a dynamic lamellipodia
required for migration [34] and that phagocyte enzymes are
present but hypofunctional [35].

2.4. Neutrophil Actin Dysfunction (NAD) Syndrome. One
case of neutrophil actin dysfunction (NAD) was reported
in 1974 in a male newborn patient [36]. The patient had
recurrent bacterial infections despite marked neutrophilic
leukocytosis, impaired neutrophil migration from blood to
the inflammation site, and impaired phagocytosis by neu-
trophils. The patient’s neutrophils extended a few fork-like
pseudopodia and actin isolated from his neutrophils poly-
merized poorly in vitro. F-actin content in the neutrophils of
the patient’s father, mother, and sister was significantly lower
than in controls [37]. Expression of CR3 subunits (CD11b,
CD18) was depressed in the patient’s mother and a sister,
which argues that NAD is a form of leukocyte adhesion
deficiency (LAD, discussed below); however, F-actin content
is normal in LAD patients [38]. It had been speculated that
NAD is a result of a defect in an actin associated protein;
however the gene mutation which caused NAD in the index
patient had not been found.

Defective actin polymerization was also found in a 2-
month-old male infant with recurrent fevers and fungal
infections [39]. The neutrophils of the patient had fre-
quent development of F-actin rich filamentous projec-
tions that were not present in control PMNs and showed
profound defect in random migration, chemotaxis toward
fMLP, and phagocytosis. In this patient, CD11b expression
was increased. In contrast to the other NAD case, cell
lysates from this patient showed a significant decrease in
an 89 kDa protein and a marked increase in a 47 kDa
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protein. Coates and colleagues named this disease actin
dysfunction NAD 47/89. The overexpressed 47 kDa protein
has been shown to bind actin and its cloning revealed that
it was a known actin regulator, lymphocyte-specific protein
1 (LSP1) [40], which is expressed in normal neutrophils [41].
LSP1 overexpression produces F-actin bundles and hair-like
surface projections in several eukaryotic cell lines. More-
over, increased expression of LSP1 inhibits the locomotion
of normally motile human melanoma cells [42]. On the
other hand, murine neutrophils devoid of LSP1 expression
have increased migratory capacity. Together these data show
that LSP1 is a negative regulator of neutrophil chemotaxis
[43].

2.5. Leukocyte AdhesionDeficiency (LAD). During the course
of an infection neutrophils leave the blood stream in large
numbers by transmigrating the endothelium. The complex
process of transmigration is tightly regulated in order to
segregate the homeostatic tissue environment from blood
vessels which carry a large number of potentially damaging
leukocytes. Local inflammation quickly activates the adjacent
endothelium which upregulates P- and E-selectins that binds
to sialyl-LewisX carbohydrates on the neutrophil surface.
Swiftlymoving neutrophils in blood vessels get tethered to the
endothelial surface by selectins and they start rolling on that
surface. Chemoattractants, such as CXCL8 (IL-8), activate
𝛽2 integrins on neutrophils which in turn bind intercellular
adhesion molecule-1 and molecule-2 (ICAM-1, ICAM-2)
on the activated endothelium and mediate firm adhesion
between neutrophils and the endothelium. This firm adhe-
sion is prerequisite for extravasation. Aberrations in these
processes in LAD patients lead to recurrent skin infections
and soft tissue abscesses, periodontal disease, and impaired
pus formation despite blood neutrophilia [44]. While LAD II
is a result of mutations in a membrane transporter of fucose
which impairs selectinmediated adhesion, LAD I is caused by
a genetic defect in CD18 (ITGB2). CD18 is a common 𝛽 chain
of four 𝛽2 integrins in leukocytes, each containing a different
𝛼 chain: LFA-1 (𝛼L𝛽2 or CD11a : CD18), Mac-1 (𝛼M𝛽2 or
CD11b : CD18 which is complement receptor CR3), gp150/95
(𝛼X𝛽2 or CD11c : CD18 which is complement receptor CR4),
and ADB2 (𝛼D𝛽2 or CD11d : CD18). Mutations in CD18 fully
or partially abolish the expression of𝛽2 integrins on leukocyte
surface, thereby largely impeding neutrophil transmigration
into inflamed tissues and renders neutrophils unresponsive
to bacteria opsonized with complement fragment C3bi. In
contrast, LAD III patients show normal expression of 𝛽2 inte-
grins. Due to mutations in the intracellular protein kindlin-
3 (FERMT3) which regulates inside-out integrin activation,
the integrins fail to change their conformation to become
functionally active.

Integrins clearly depend on the connection to the actin
cytoskeleton to carry out their functions [45–47]. They bind
to several F-actin associated proteins (talin, vinculin, and
𝛼-actinin) [46]. Besides anchoring themselves to the actin
cytoskeleton, integrins are also involved in induction of local
actin polymerization where they engage their ligands on the
extracellular matrix on other cells [46]. Intriguingly, it has

been shown in knock-out mouse studies that CD11b cluster-
ing is abrogated in WASp and Cdc42 deficient neutrophils
[16] and the Cdc42/WASp axis acts upstream of integrin
functions. These studies suggest that WASp might regulate
inside-out integrin signaling in neutrophils and it is critical
to maintain neutrophil polarity during migration [16].

2.6. Hax1 Deficiency. Approximately 15% of severe congenital
neutropenias (SCNs) are caused by autosomal recessive
mutations in the HAX1 gene [48, 49]. Patients with HAX1
mutations present marked neutropenia (absolute neutrophil
count < 500𝜇L−1) which causes life-threatening bacterial
infections in newborns. HAX1 is involved in B-cell receptor
signaling [50] and it has been shown to regulate apoptosis
[51, 52]. Neutrophils from HAX1-deficient patients showed
higher rate of spontaneous and TNF𝛼 induced apoptosis than
control neutrophils due to loss of mitochondrial membrane
potential. It has been suggested thatHAX1 is amajor inhibitor
of apoptosis in myeloid cells and that neutropenia in HAX1-
deficient SCN patients is caused by lack of this antiapoptotic
function [49]. HAX1 has been shown to interact directly
with adhesion and cytoskeleton regulating proteins, such as
the actin nucleation-promoting factors cortactin [53] and
its homolog hematopoietic lineage cell-specific protein 1
(HS1) [50], 𝛽6 integrin [54], and G𝛼13 [55]. Cavnar and
colleagues demonstrated that Hax1 predominantly localize in
the leading edge in the PLB-985 neutrophil-like cell line [56].
Knock-down ofHAX1 expression results in impairedmotility
and elongated uropods, as well as decreased RhoA activity.
Impaired uropod detachment in HAX1-deficient neutrophils
is caused by increased integrinmediated adhesion similarly to
neutrophils devoid of RhoA expression. The authors suggest
that HAX1 is a negative regulator of integrin-mediated adhe-
sion in neutrophils by affecting Rho GTPase signaling [56].

2.7. WHIM Syndrome. Warts, hypogammaglobulinemia,
infections, and myelokathexis (WHIM) is an immuno-
deficiency with autosomal dominant inheritance. In most
kindred gain of function mutations of the chemokine
receptor CXCR4 have been identified as the cause of the
disease [57]. CXCR4 on neutrophils and its ligand, stromal
cell-derived factor 1 (SDF1; also known as CXCL12) in the
bone marrow stroma, are major bone marrow retention
factors for neutrophils [58, 59]. According to a current
hypothesis, increased CXCR4-mediated retention signals in
bone marrow lead to myelokathexis (hyperplasia with an
accumulation of apoptotic neutrophils in the bone marrow)
and neutropenia in the periphery [60].

Various early stop codon mutations in WHIM patients
have been identified to cause C-terminal intracellular trun-
cations in the CXCR4 protein [57, 61]. Accumulating
evidence shows that C-terminal truncations in CXCR4
impair ligand-induced desensitization and internalization
of CXCR4. Thereby, an important physiological negative
feedback mechanism is interrupted in which CXCR4 activ-
ity is downregulated to release neutrophils from the bone
marrow [60–63]. Intriguingly, WHIM transgenic zebrafish
neutrophils show prominent randommembrane protrusions



8 Journal of Immunology Research

but impaired persistent motility in vivo which resulted in
neutrophil retention within areas of high SDF1𝛼 expression.

3. Defects of Vesicular Transport

Neutrophils kill microbes by controlled release of microbici-
dal products from their secretory granules to the extracellular
space and by elimination in neutrophil phagosomes. Neu-
trophils contain four types of secretory organelles: primary
(azurophil) granules, secondary (specific) granules, tertiary
(gelatinase) granules, and secretory vesicles. Out of the four
organelles, secretory vesicles are mobilized readily, probably
already during neutrophil rolling on activated endothelia,
and they carry membrane associated proteins such as the 𝛽2
integrin component CD11b to the plasma membrane. This
process is thought to transform circulating neutrophils into
a highly responsive cell, primed for migration [64]. Gelati-
nase granules and specific granules are mobilized next and
they carry, among other effectors, gelatinase and lactoferrin,
respectively. Azurophil granules need the strongest stimulus
for their release and they mainly contain myeloperoxidase
(MPO), defensins, and neutrophil elastase (NE). Regulated
secretion of granules in neutrophils is a complex process
which requires sorting of the proteins to this pathways,
guiding transport vesicles specifically to secretory granules
and mediating membrane fusion and fission. Moreover,
vesicle trafficking critically relies on the interplay between the
microtubule and actin cytoskeleton. Among others, the small
GTPase Cdc42 has the capacity to link these two molecular
motor systems to maintain cell polarity. Cdc42 coordinates
the microtubule cytoskeleton by binding to the Cdc42 inter-
acting protein (CIP4) that directly regulates microtubule
assembly and induces membrane deformation [65]. Cdc42
also coordinates actin polymerization via the activation of
WASp and its relative the neuronal (N)-WASp that upon
Cdc42 binding becomes active and induces actin polymeriza-
tion via the Arp2/3 complex [66, 67]. In this way, Cdc42 can
mediate the interaction between actin and microtubules and
regulate vesicle trafficking. Since neutrophils are packed with
potentially harmful substances in granules, correct sorting
and release of vesicles is key for neutrophil survival and
function. It is reasonable to predict that any change in vesicle
trafficking or localization of vesicle components would be
harmful for the neutrophil.

3.1. Neutropenias with Hypopigmentation. The function of
neutrophils, cytotoxic T lymphocytes, natural killer cells,
and mast cells is highly dependent on intact secretory
machinery for the capacity of these cells to degranulate
and release vesicular content towards pathogens and target
cells. Genetic defects in degranulation often coincide with
impaired melanin secretion by melanocytes indicating the
usage of similar secretory pathways [68].

Chédiak-Higashi syndrome (CHS) is characterized by
immunodeficiency, hypopigmentation, and neurologic
symptoms [69]. Patients develop recurrent pyogenic infec-
tions and often periodontal disease which is associated with
neutropenia [70], impaired neutrophil chemotaxis [71], and

reduced bactericidal activity [72]. A key feature of CHS is
the presence of giant granules in most nucleated cells due
to aberrant vesicle fusion or fission. Neutrophil granules are
deficient in cathepsin G and NE [73] and mobilization of
the giant granules is impaired in CHS patients [74]. In fact,
enlarged granules might impair cell kinetics mechanically
[71]. Mutations in LYST, a lysosomal trafficking regulator
gene, have been identified as the cause of CHS [75].

Griscelli syndrome type 2 is characterized by partial
albinism and marked immunodeficiency including frequent
pyogenic infections associated with neutropenia [76]. Muta-
tions in the small GTPase RAB27A gene were identified as
the cause of disease [77]. The Rab family of GTPases control
trafficking of vesicles between intracellular compartments to
target membranes. Studies onmutant and gene targeted mice
suggest that Rab27a controls exocytosis of azurophil vesicles
in neutrophils [78–80].

p14 deficiency was described by Bohn and colleagues
in 2006 [81]. Four out of 15 offspring in the index family
developed recurrent bronchopulmonary infections, hypopig-
mented skin, and neutropenia. The clinical phenotype of
p14 deficiency was unique among the other described
hypopigmentation-associated immunodeficiencies by caus-
ing short stature in the affected individuals. In vitro exper-
iments showed impaired bactericidal activity and abnormal
azurophil granules in p14 patient neutrophils. Furthermore,
the distribution of the late endosomal compartment is
perturbed in the absence of p14. The p14 protein is an
adaptor of the MP1-MAPK scaffold complex and is involved
in localization of MP1-MAPK to endosomes. The authors
suggest that p14 is involved in granulocyte colony-stimulating
factor (G-CSF) receptor signaling.

3.2. Mutations in Neutrophil Elastase and AP3. More than
50% of patients with congenital severe neutropenia and
nearly all patients with cyclic neutropenia harbour mutations
in the ELANE gene encoding for the neutrophil elastase (NE),
a broad-specificity serine protease localized in azurophil
granules [82–84]. The mechanism for how autosomal domi-
nant mutations in ELANE induce neutropenia is still unclear
[85]. The known human mutations do rarely affect protease
activity of NE, nor its properties for substrate specificity [83].
Once produced, NE binds the adaptor protein 3 (AP3) and
is shuttled from the trans-Golgi to azurophil granules. It is
possible that ELANEmutations lead to mislocalization of NE
within the cell or disturb NE protein folding [86]. Disruption
of either NE or its cargo protein, the lysosomal transporter
AP3 (encoded by AP3B1) [87, 88], perturbs the intracellular
trafficking of NE to azurophil granules [89]. Moreover,
mutated NE can induce the unfolded protein response in
the endoplasmic reticulum [90, 91]. A recent report shows
that certain patient mutations in ELANE force transcription
to an alternative start site in the gene and production of an
amino-terminal truncated form of NE that lack ER-localizing
(pre) and zymogen-maintaining (pro) sequences yet retain
essential catalytic residues [85]. The key role of ELANE in
neutrophil homeostasis is also indicated by the development
of SCN in patients carrying dominant negative mutations in
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the GFI1 gene,which is a transcriptional repressor of ELANE
[92]. Although the mechanism for SCN induced by ELANE
mutations is not directly linked to the actin cytoskeleton,
it is likely that neutrophil deficiency that affects the actin
cytoskeleton may have similar mislocalization of neutrophil
proteases to vesicles and/or activation of the unfolded protein
response.

3.3. OtherNeutropenias withVesicle SortingDefects. Charcot-
Marie-Tooth disease (CMT) is a progressive disorder of the
peripheral nervous system and a genetic variant of CMT is
caused by mutations in dynamin-2 (DNM2) [93]. DNM2
is a ubiquitously expressed mechanochemical protein with
GTPase activity. DNM2 is associated with microtubules and
is involved in endocytosis, cell motility, and centrosome
organization. Several CMT patients with K558E and K558del
DNM2 mutations have neutropenia [93]. The mechanism
how DNM2 mutations cause neutropenia is unknown.

Cohen syndrome is a multiple congenital anomalies-
mental retardation syndrome which is associated with neu-
tropenia [94, 95]. No bonemarrowmorphological abnormal-
ities were observed in Cohen syndrome patients; however
their neutrophils exhibited greater adhesive capacity than
the control ones and CD11b and CD62L surface expression
was decreased on their neutrophils [96]. Cohen syndrome
is caused by mutations in the vacuolar protein sorting 13B
(VPS13B) gene [97]. Although the exact pathomechanism is
unknown, vacuolar sorting proteins are involved in endo-
somal trafficking and protein recycling in the trans-Golgi
network. Indicating their importance in granulocyte devel-
opment, another VPS protein, VPS45 was recently found to
bemutated in severe congenital neutropenia patients [98, 99].
In accordance with other severe congenital neutropenias,
VPS45 mutant patients had severe infections and their neu-
trophils and bone marrow myeloid cells showed accelerated
apoptosis. Peripheral neutrophils showed impairedmigration
and impaired superoxide production [98]. Vps45 is amember
of the Sec1/Munc18 protein family that regulates the assembly
of specific SNARE complexes. SNARE proteins mediate the
fusion of lipid bilayers and serve a vital role in homeostasis of
vesicle transport within the cell.

4. Other Neutrophil Deficiencies with
Chemotaxis Involvement

Severe congenital neutropenia 4 (SCN4) is caused by
homozygous mutations in the ubiquitously expressed cat-
alytic subunit 3 of the glucose-6-phosphatase gene (G6PC3)
[100]. Besides recurrent bacterial infections and neutropenia,
SCN4 patients also show structural heart defects and uro-
genital abnormalities. Importantly, neutrophil development
and function is also severely impaired in glycogen storage
disease type Ib (GSD-Ib) which is caused by mutations in the
glucose-6-phosphate transporter 1 (G6PT1) [101, 102]. Chou
and colleagues argue that a glucose-6-phosphatase complex
which is composed of G6PC3 and G6PT1 is essential for neu-
trophil energy homeostasis and functionality by regulating
endoplasmic reticulum glucose storage [103, 104]. BothG6PT

andG6PC3 deficient neutrophils are impaired in chemotaxis,
respiratory burst, and calcium mobilization [101, 102].

Papillon-Lefèvre syndrome (PLS) is characterized by
palmoplantar keratosis and severe periodontitis which results
in premature tooth loss [105]. PLS is caused by mutations
in cathepsin C (CTSC) [105, 106], a lysosomal protease
which is expressed highly in epithelial cells [106] and
immune cells, including polymorphonuclear cells [107] and
alveolar macrophages. In immune cells, cleavage by CTSC
activates a variety of granule serine proteases by removing
their inhibitory N-terminal dipeptides. Among others, CTSC
targets are the neutrophil effectors NE, cathepsin G, and
proteinase-3 [108, 109]. Increased susceptibility to infections
in some cases [110] and neutrophil chemotaxis deficiency
was reported in PLS patients [111]. It is controversial whether
neutrophil chemotaxis is intrinsically defective in CTSC-
deficient neutrophils. Based on the CTSC (also called dipep-
tidyl peptidase I; DPPI) knock-out mouse model, Adkison
and colleagues argue that neutrophil-derived serine proteases
are involved in the regulation of cytokine production at sites
of inflammation [109].

Shwachman-Diamond syndrome (SDS) is characterized
by pancreatic insufficiency, pancytopenia, and leukemia
predisposition [112]. Bone marrow failure in patients with
SDS is often manifested in neutropenia and peripheral
SDS neutrophils are defective in chemotaxis towards fMLP
[113, 114]. This disease is caused by mutations in the SBDS
gene, encoding for a predicted RNA-processing protein, and
suggests that SDS may be involved in RNAmetabolism [115].

Even the most common genetic disease Chromosome
21 trisomy or Down syndrome causes a wide range of
mild primary and secondary immunodeficiencies related to
neutrophil dysfunction [116]. Trisomy 21 is characterized by
high frequency of infections in the upper respiratory tract
and periodontal disease which at least partially is attributed
to reduced neutrophil chemotaxis [117].

5. Conclusion and Perspective

The dynamics of the actin cytoskeleton is a key feature
of rapidly moving and acting cells such as neutrophils. A
striking feature of neutrophil deficiency is that of all the
hematopoietic cells, neutrophils are exceedingly vulnerable
to loss of specific proteins or to changes in their activity.
The reasons of this vulnerability perhaps originate from their
unique developmental and functional requirements.

Neutrophils have a high turnover rate; they live for an
average of 5 days in man [118] with a half-life of 7–10 hrs
in human circulation [119]. A vast output of 1011 mature
neutrophils/day frombonemarrow requires efficient cell pro-
liferation in themyeloid lineage, terminal differentiation, and
egress from bone marrow. Defects in any of these processes
cause SCN. An archetype of actin cytoskeleton disease that
results in SCN is XLN, caused by overactivity ofWASp. Given
that all hematopoietic cells are dependent on WASp for their
function it is reasonable to predict and evidence suggests
that increased load of polymerized actin in XLN would affect
the immune system broadly [18, 19, 21, 22]. However, the
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cardinal clinical feature of XLN patients is still neutropenia
and neutrophil dysfunction. Our knowledge of the precise
bonemarrow pathology in XLN is limited due to few patients
identified to date but it is likely that the fast dividing mitotic
pool of granulocytic progenitor cells is highly sensitive to the
increased cellular viscosity and aberrant cell division which
is caused by an excess of cytoplasmic F-actin in XLN [19, 23].

Overactivity of the chemokine receptor CXCR4 in
WHIM leads to an accumulation of neutrophils in the bone
marrow. WHIM patient neutrophils adhere firmly to bone
marrow stromal cells because of a failure to downregulate
CXCR4 that is needed to egress from the bone marrow to
the blood stream. In rats, mature neutrophils egress from the
hematopoietic compartment to the circulation through the
sinusoidal endothelium mostly via transcellular migration
through tight-fitting pores which requires marked deforma-
tion of the neutrophil cell body [120]. To preserve their
functional integrity, mature neutrophils are likely to require
intact cytoskeletal regulation and vesicle structure when
migrating through the sinusoidal endothelium in a narrow
gap. These mechanical properties depend on the cortical F-
actin content which differs between blood and bone marrow
residing neutrophils [121].

The blood constantly flows past the tissues and neu-
trophils in the blood depend on integrin signaling for firm
adhesion to the endothelial wall to reach an infected site.
In order to efficiently migrate and become functionally
highly active, neutrophils need to mobilize their secretory
vesicles and upregulate CD11b [64].This process is dependent
on intact secretory pathways. Any defects in signaling of
integrins are associated with severe neutropenia in LAD
patients. You would predict that all hematopoietic cells that
transmigrate to the tissue would be equally affected in LAD.
However, unlike neutrophils, lymphocytes in CD11/CD18-
deficient LAD patients are able to adhere to endothelial
surfaces and emigrate to extravascular sites of inflammation.
This adherence is probably mediated by the very late acti-
vation 4 (VLA-4) integrin receptors on lymphocytes, which
bind to the vascular cell adhesion molecule 1 (VCAM-1) on
the endothelial cells [122].

Inside the tissue, neutrophils are dependent on fast
and dynamic migration to reach the microbes. Increased
tension of the cell body would markedly reduce flexibility
and can be caused by increased load of polymerized actin as
proposed for XLN, decreased actin depolymerizing capacity
in BRWS, or because of failure in vesicle fusion and fission
as in CHS where neutrophils have accumulation of giant
granules. Defects in the assembly of the NADPH complex
due to mutations in NADPH subunits in CGD or in Rac2
deficiency ultimately leads to failure of microbial killing by
neutrophils. Because neutrophils are packed with vesicles
loaded with proteolytic enzymes and antimicrobial peptides,
it is reasonable to predict that mislocalized packaging of
proteins, such as implicated in cytosolic localization of NE
in SCN, would be extremely harmful for the cell and lead to
premature cell death. Future research will reveal if failure to
regulate actin cytoskeleton dynamics for vesicle trafficking is
a common feature in neutropenias caused by mutations in
actin-regulating proteins such as Rac2, WASp, LSP1 in NAD

74/89, or in actin itself as in 𝛽actin deficiency. Moreover,
the contribution of defects in microtubule organization and
dynamics for vesicle trafficking in neutrophils remains to be
determined.

Many attempts have beenmade to generatemousemodels
for human neutrophil dysfunctions. While some has been
successful, including mice lacking NADPH subunits and
Rac2 as a model for CGD and models for LADI–III [123],
others have failed to induce neutrophil deficiency in mice. In
one of the first attempts to generate a mouse model for the
most common form of neutropenia, mice were gene-targeted
to lack NE [124]. Given the severe effect of heterozygous
ELANE mutations in SCN patients, the NE−/− mice were
surprisingly normal in terms of migration and killing of the
Gram positive bacteria Staphylococcus aureus [124]. However,
NE−/− mice failed to kill Gram negative bacteria such as
Klebsiella pneumoniae and Escherichia coli [124]. The reason
that many mouse models may have a milder phenotype as
compared to patients with similar mutation may be found
in the species difference between mouse and man. Also,
one confounding factor is that laboratory strains generally
have low numbers of neutrophils [119, 125, 126]. Keeping
this notion in mind, quite robust microbial challenges
may be required to detect neutrophil deficiency in mice
[123].

Despite some difficulties in generating valuable mouse
models for human neutrophil deficiencies, animalmodels are
superior when testing new treatment strategies and especially
those with potential severe adverse risks for patients. Gene
therapy is in the frontline for treatment of monogenetic
diseases affecting the immune system. Gene therapy in
two mouse models for CGD provided significant long-
term correction of neutrophil function [127, 128]. However,
several attempts worldwide have failed to provide long-
term reconstitution of corrected neutrophils in CGD patients
[129]. Gene therapy for Wiskott-Aldrich syndrome has been
more satisfying with long-term engraftment of corrected cells
and amelioration of disease [130]. Long-term treatment by
GCSF, IFN𝛾, and high doses of antibiotics in neutrophil
deficient patients are confounded by high risk to develop
drug resistance and malignancies. Ongoing gene therapy
trials worldwide give hope to diseases, including neutrophil
deficiencies, where current treatment is unsatisfying.
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[77] G. Ménasché, E. Pastural, J. Feldmann et al., “Mutations
in RAB27A cause Griscelli syndrome associated with
haemophagocytic syndrome,” Nature Genetics, vol. 25, no.
2, pp. 173–176, 2000.

[78] J. L. Johnson, A. A. Brzezinska, T. Tolmachova et al., “Rab27a
and Rab27b regulate neutrophil azurophilic granule exocytosis
and NADPH oxidase activity by independent mechanisms,”
Traffic, vol. 11, no. 4, pp. 533–547, 2010.

[79] R. K. Singh, W. Liao, D. Tracey-White et al., “Rab27a-mediated
protease release regulates neutrophil recruitment by allowing
uropod detachment,” Journal of Cell Science, vol. 125, no. 7, pp.
1652–1656, 2012.
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[123] A. A. Schäffer and C. Klein, “Animal models of human granu-
locyte diseases,”Hematology/Oncology Clinics of NorthAmerica,
vol. 27, no. 1, pp. 129–148, 2013.

[124] A. Belaaouaj, R. Mccarthy, M. Baumann et al., “Mice lacking
neutrophil elastase reveal impaired host defense against gram
negative bacterial sepsis,”NatureMedicine, vol. 4, no. 5, pp. 615–
618, 1998.

[125] TheJacksonLaboratory, “Hematological survey of 11 inbred
strains of mice,” MPD: Jaxpheno4, Mouse Phenome Database
web site, The Jackson Laboratory, Bar Harbor, Me, USA, 2014,
http://www.phenome.jax.org/.

[126] L. Wakeman, S. Al-Ismail, A. Benton et al., “Robust, routine
haematology reference ranges for healthy adults,” International
Journal of Laboratory Hematology, vol. 29, no. 4, pp. 279–283,
2007.
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