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Neutrophils are main players in the effector phase of the host defense against

micro-organisms and have a major role in the innate immune response. Neutrophils

show phenotypic heterogeneity and functional flexibility, which highlight their importance

in regulation of immune function. However, neutrophils can play a dual role and besides

their antimicrobial function, deregulation of neutrophils and their hyperactivity can lead

to tissue damage in severe inflammation or trauma. Neutrophils also have an important

role in the modulation of the immune system in response to severe injury and trauma.

In this review we will provide an overview of the current understanding of neutrophil

subpopulations and their function during and post-infection and discuss the possible

mechanisms of immune modulation by neutrophils in severe inflammation.
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INTRODUCTION

Neutrophils are polymorphonuclear and phagocytic leukocytes that comprise the first line of host
immune response against invading pathogens (1). They are also important effector cells during
tissue injury-induced inflammation (2). Neutrophils have a high potency and efficacy to sense and
eradicate microbial infections, and individuals with a neutrophil deficiency (such as neutropenia)
are more susceptible to microbial and fungal infections (3).

Infections and their associated inflammatory mechanisms are accompanied by a rapid influx
of neutrophils from the peripheral blood to the inflammatory site. There they engage and kill
microorganisms and clear infections via a number of different mechanisms including chemotaxis,
phagocytosis, release of reactive oxygen species (ROS), and granular proteins and the production
and liberation of cytokines (4, 5). In addition to these well-established mechanisms, several reports
have demonstrated the importance of neutrophil extracellular traps (NETs) in this process.

In addition to the pivotal role of neutrophils in innate immunity a large body of evidence has
indicated the importance of neutrophils in the modulation of the adaptive immune response (6).
Neutrophils are involved in immune regulation during both the innate and adaptive immune
responses and are, therefore, considered as therapeutic targets in several diseases such as
atherosclerosis (7, 8).
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Although neutrophils have long been considered as a
homogenous population with a conserved phenotype and
function, recent evidence has demonstrated the presence of
neutrophil heterogeneity with the identification of different
functional phenotypes especially in cancer and inflammation
(3, 9–11). Neutrophils show a spectrum of phenotypes and/or
functional states. These are characterized by the expression
of a wide range of cell-surface receptors that determine their
function. These phenotypes seem to rapidly adapt to changes in
environmental signals or triggers (12) and the expression profiles
of neutrophil receptors can reflect the type and severity of the
inflammatory response after severe injury (12). Since neutrophils
are the main effector cells during the systemic inflammatory
response (SIRS) to severe injury, neutrophil sub-phenotyping
may provide both insight into diseasemechanisms and be a useful
risk assessment tool (12).

Although several neutrophil phenotypes exist with specialized
functions, phenotypically homogenous populations with
functional heterogeneity can be found in health and disease (10).
However, it is unclear whether these cells originate from distinct
bone marrow lineages or have undergone local differentiation
(12, 13). These emerging properties of neutrophils provide us
with new insight for further understanding of their roles in
homeostasis and disease. We review here the roles and function
of neutrophils in modulating the immune response during
inflammation and summarize the mechanisms behind these
processes.

DEFINITION, PROPERTIES, AND LIFE
CYCLE OF NEUTROPHILS

Neutrophils are the most abundant circulating leukocyte
population in the human immune system contributing
about 50–70% of all circulating leukocytes in healthy adults
(14). Neutrophils not only kill microorganisms through
phagocytosis, degranulation, and the generation of NETs,
but they also modulate the immune response by interacting
with other immune cells such as lymphocytes and antigen
presenting cells (APC) (6, 15). In addition, recent studies
indicate that neutrophils show plasticity characterized by e.g.,
transdifferentiation to neutrophil-dendritic cell hybrids (16).

Neutrophil Life Cycle
Neutrophil generation from committed hemopoietic progenitor
cells in the bone marrow is a highly controlled process that is
regulated by different transcriptional factors such as C/EBP (17,
18). At the start of this process, a self-renewing hematopoietic
stem cell (HSC) differentiates into a multipotent progenitor cell
(MPP) which then, in turn, transforms into lymphoid-primed
multipotent progenitor cells (LMPPs). LMPPs can finally give
rise to granulocyte–monocyte progenitors (GMPs) (17). GMPs
undergo neutrophil generation under the influence of various
growth factors such as granulocyte colony-stimulating factor (G-
CSF). This occurs in a step-wise process involving progression
through promyelocyte, myelocyte, metamyelocyte, and finally
band neutrophil stages during which developing neutrophils

gradually acquire their mature phenotype [(16); Figure 1].
During these steps, it is thought that the expression of integrin
α4β1 (VLA4) and CXCR4 (at least in mice) is downregulated
and that expression of CXCR2 and Toll-like receptor 4 (TLR4)
is increased. During this maturation neutrophils also attain their
nuclear lobular morphology (19). The formation of granules
inside the developing neutrophils starts between the myeloblast
and promyelocyte stage and different granules are formed at
different steps of the maturation process (20). A large pool
of mature neutrophils is present in bone morrow from where
they can be rapidly released into the circulation in response to
infectious, inflammatory or tissue damage associated stimuli (21).

The number of neutrophils in the circulating blood is
regulated by the CXCL12/CXCR4 axis in the mouse (22).
Under normal conditions it is estimated that approximately
1011 mature neutrophils leave the bone marrow and enter
the circulation each day (17, 21). Bone marrow stromal cells
express the chemokine CXCL12, a ligand for CXCR4 which
is thought to be expressed on bone marrow neutrophils and
keeps them within the bone marrow (23). Although direct
evidence of CXCR4 expression on human neutrophils in the bone
marrow is lacking, the CXCR4 receptor antagonist plerixafor
results in the mobilization of neutrophils into the blood (23,
24). Disruption of the CXCR4/CXCL12 balance such as that
found in WHIM syndrome (Warts, Hypogammaglobulinemia,
Immunodeficiency, and Myelokathexis syndrome) leads to
deregulated neutrophil release into the circulation (24, 25).
CXCR2 signaling can act as a functional CXCR4 antagonist to
control neutrophil egress from the bone marrow into blood in
mice (24, 25). This needs to be confirmed in man.

Neutrophil Access to Inflammatory Sites
Neutrophils quickly respond to inflammatory cues following
infection or tissue damage and migrate to the inflamed/damaged
area (26). Migration of neutrophils into the inflamed tissue,
requires several steps that starts with adhesion to the endothelial
surface followed by intravascular migration, extravasation and
migration in the interstitium [(27); Figure 2].

Intravascular migration begins with neutrophil “tethering to”
and “rolling on” the endothelium of blood vessels which is
mediated by selectin molecules (21). Neutrophils then become
activated by chemokines such as CXCL8 which trigger G-
protein coupled receptors leading to a conformational change
and activation of neutrophil integrin molecules such as
VLA-4 (CD49D/CD29), MAC-1 (CD11b/CD18), and LFA-1
(CD11a/CD18) (21). This leads to an enhanced affinity for Ig-
superfamily cell adhesion ligands (such as ICAM-1) expressed
on the endothelium, which enables firm adherence of neutrophils
to endothelial cells under flow conditions (17). Neutrophils then
patrol the endothelial surface or migrate along a chemokine
gradient to seek out the site of inflammation where they
cross the endothelial layer in a processes generally referred to
transendothelial migration or TEM (17).

Neutrophil extravasation through the endothelium occurs via
either the paracellular or the transcellular route. The paracellular
route involves leukocytes moving through endothelial cell
junctions whilst the transcellular route involves neutrophil
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FIGURE 1 | Neutrophils generation. Granulopoiesis or neutrophil generation occur in the bone marrow. At the first step, a self-renewing hematopoietic stem cell (HSC)

differentiate to a multipotent progenitor (MPP) cell. Then MPP differentiate to lymphoid-primed multipotent progenitors (LPMP), which give rise into

granulocyte-monocyte progenitors (GMP). After that, GMP cells turn in to myeloblast and posses through a maturation process including promyelocyte, myelocyte,

metamyelocyte, band cell, and finally will commit to generate the mature neutrophils.

FIGURE 2 | Schematic review of neutrophil extravasation cascade. The process of neutrophil migration begins with neutrophil “tethering to” the endothelium of blood

vessels in steps (1) rolling, (2) adhesion, and (3) crawling, firm adhesion and patrolling. (4) Trans endothelial migration occurs after approaching the site of inflammation

where they cross the blood vessel wall in an extravasation step in which neutrophils travel along the endothelial basement membrane until finding a small gap between

pericytes. They start migrating through the space by forming a protruding uropod which allows neutrophils to access to the inflamed area. Microparticle formation

occurs following uropod formation which is shown to have pivotal role in controlling vascular permeability.

passage directly through the endothelial cell body (28). The
paracellular route predominates in the majority of cases of
neutrophil extravasation (29). Neutrophils travel along the
endothelial basement membrane until they find a small gap
between pericytes (27). Pericytes are contractile cells located

at the abluminal site of microvessels and are responsible
for controlling capillary permeability. Pericytes wrap around
endothelial cells and cover 22–99% of the endothelial subcellular
surface (30). These cells are also rich in pattern recognition
receptors (PRRs) that enables them to sense inflammatory cues
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and act accordingly (31). The cells facilitate the extravasation
process of the neutrophils to the tissues.

Once the neutrophil finds a gap between pericytes, it
starts migrating through the space by forming a protruding
lamellapodium (32). Elongation and passage of the
lamellapodium through the pericyte/endothelial membrane
is mediated by integrins such as MAC1, LFA-1, and VLA-3,
respectively (26, 33). In the last step, extravasating neutrophils
shed their CD18 integrins via vesicles from their extended tail
or uropod at the subendothelial layer enabling retraction of
their extended tail (26). This allows access to the inflamed area
where the activated neutrophil will initiate engagement with
micro-organisms and the clearance of cell debris.

Extracellular Matrix Proteins and
Neutrophils Activation
Neutrophils are strongly affected by their microenvironment
including the presence of extracellular matrix (ECM). The effect
of the ECM proteins such as collagen, laminin, fibronectin, and
fibrinogen on inflammation has recently been explored and it is
now evident that these proteins play a crucial role in providing
signals that regulate different stages in neutrophil recruitment,
transmigration and activation (1, 34–36).

The cytokine-induced respiratory burst in human neutrophils
is dependent upon the interaction of ECM proteins with
CD11/CD18 integrins (37). Subsequent studies have shown
that the bovine neutrophil responses to IL-8 and platelet-
activating factor (PAF) including intracellular calcium, actin
polymerization, degranulation, adhesion, and oxidative burst
changed dramatically after selective adhesion to different ECM
proteins (38). Furthermore, the interaction between CD11b on
neutrophils and the ECM protein fibrinogen, provided signals
that enhanced the life span of neutrophils (39). ECM proteins
also control neutrophil apoptosis indirectly by modulating
tumor necrosis factor-alpha (TNF-α) expression within the local
inflammatory milieu (39, 40). In contrast, the ECM proteolytic
activity of neutrophils is critical for transmigration through the
basement membrane (41).

Tissue damage can occur as a result of the neutrophils
response to ECM protein signals in the inflammatory
microenvironment (35). For example, in atherosclerosis the
release of matrix modifying mediators such as neutrophil
elastase (NE), myeloperoxidase (MPO), and defensins by
activated neutrophils leads to the formation and development of
atherosclerotic plaques (8, 42, 43). In the lung, the production
and release of oxidants that results from the interaction of
neutrophils with ECM proteins leads to injury and remodeling
of the surrounding tissue matrix in COPD (44).

The interaction of ECM proteins with neutrophils also
contributes to tumormetastasis. Chemokines produced by tumor
cells activate microvascular endothelial cells inducing neutrophil
adhesion and activation which is followed by the release of
neutrophil oxidants and other matrix remodeling mediators.
This results in a remodeling of the local microenviroment
which facilitates the access of tumor cells to premetastatic
sites (45). Greater research endeavors in this area may provide

new therapeutic opportunities for the neutrophil-mediated
inflammatory disorders.

Neutrophil Extracellular Traps (NETosis)
Neutrophils as the first line of immune defense against pathogens
and they utilize various mechanisms to eliminate microbes
include phagocytosis, ROS production as well as the generation
and release of microbicidal molecules following degranulation
(6). More recently, another distinct antimicrobial activity of
neutrophils has been described called NETosis (46). In 2004
it was reported that neutrophils could eject nuclear chromatin
that was decorated with antimicrobial peptides and enzymes
including defensins and cathelicidins as well as NE and MPO
(47). This externalized chromatin structure or NETs was capable
of killing or suppressing fungal and bacterial proliferation (46).
There is much evidence to support the role of NETs in blocking
microbial dissemination. In addition, mice deficient in MPO
production and with an absence of NETs are susceptible to
greater fungal dissemination (48). Furthermore, bacterial strains
with mutations in a NET-degrading nuclease do not disseminate
(48, 49).

The importance of NETs in immune defense is highlighted
by their conservation across vertebrate species (50–53).
Lipopolysaccharide (LPS) or protein kinase C activators can
rapidly trigger (within minutes) the formation of NETs under
extreme conditions such as severe sepsis (54). NET formation is
categorized as an innate immune process and can be triggered by
downstream intracellular mediators such as ROS which activate
MPO and NE leading to chromatin decondensation (46).

NETs are associated with several pathological and infectious
conditions and have the potential to prime other immune cells
leading to sterile inflammation (46). There is also evidence for a
role in autoimmune and inflammatory disorders (46). However,
the beneficial or detrimental role of NETs in immune defense
is controversial and several factors in the local infectious or
sterile microenvironment can determine the impact of NETs to
potentiate or suppress inflammation (48).

There is debate regarding the concept that NETosis be
considered as a specific form of programmed cell death.
Malachowa et al suggest that formation of NETosis is an
incidental phenomenon rather than a result of programmed
cell death (55). Indeed, NETosis may be considered as a
beneficial effect of neutrophil suicide or cellular death. Leben and
colleagues showed that phagocytosis of S. aureus pHrodoTM beads
by human neutrophil granulocytes correlated with NETosis
process and was dependent on NADPH oxidase activation in
contrast to other pathways of cell death (56). However, there
are contradictory results regarding the induction of NETosis
according to the stimuli used (57).

It is unlikely that NETosis is the major mechanism by which
neutrophils control infection as this cytolytic process involves the
release of numerous DAMPs which would prolong and intensify
the inflammatory response (55, 57). In recent years the concept
of NET formation without neutrophil cell death, referred to as
non-cytolytic or “vital NETosis,” has been introduced (57). This
occurs via a ROS-independent mechanism (58) and is likely to be
the normal manner by which NET factors are released.
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NEUTROPHIL PHENOTYPES AND
HETEROGENEITY

The hematopoietic system consists of different subsets of myeloid
and lymphoid cells with different phenotypes and functions (11).
Beyond the differences in embryonic origin, this heterogeneity
can be dictated by several elements including ontogenic
and environmental factors (59). The presence of neutrophil
heterogeneity was considered controversial for a long time
because of their limited transcriptional activity, limited lifetime,
and inability for reverse transmigration (RT) to peripheral
blood after tissue homing. These did not match features of
other heterogeneous cell populations (11). However, neutrophils
acquire distinct phenotypes within their local microenvironment
depending upon the physiological and pathological cues present
(60).

Neutrophil heterogeneity is has been linked to survival
time, function, density, NET-releasing capability and receptor
expression profiles (61). Furthermore, distinct neutrophil subsets
have been described based on the expression of cell surface
markers (15). For example, CD66b/CD33 represents low-density
neutrophils (LDNs) within the neutrophilic myeloid-derived
suppressor cell (MDSC) population (62, 63) and CD49d positive
neutrophils have been found in atopic individuals (64). The
roles of these neutrophil subtypes in disease pathophysiology
is unknown although some subtypes may be harmful whereas
other neutrophil subsets may be beneficial at the sites of chronic
inflammation. The next section will describe some receptor
molecules and properties that characterize neutrophil subsets
present in homeostasis and under pathologic conditions.

Olfactomedin 4 (OLFM4) Positive Cells
The neutrophil granule protein olfactomedin 4 (OLFM4)
defines two subtypes of neutrophils (OLFM4+ and OLFM4−)
(11). These subtypes show no differences in apoptosis or
antibacterial function in vitro and have an equal tendency for
migration toward an inflamed area in response to inflammatory
signals (65). OLFM4 gene knock-out mice exhibit reduced
colonization of the gastric mucosa by Helicobacter pylori
(H. pylori) which is associated with increased inflammatory
cell infiltration, enhanced production of pro-inflammatory
cytokines/chemokines such as IL-1β, IL-5, IL-12 p70, and MIP-
1α and increased inflammatory response to H. pylori in gastric
mucosa (66). It is speculated that OLFM4+ neutrophils localize
to the NET of its parent cell during NETosis rather than increase
NET formation per se and further studies are required to define
the role of OLFM4+ neutrophils (39).

CD177 (NB1) Expressing Neutrophils
CD177 is a 55 kDa glycosyl-phosphatidylinositol-anchored
receptor that is expressed on human circulating neutrophils
(67). CD177 has an important role in neutrophil transmigration
through the endothelium as it has a high affinity for the adhesion
molecule, platelet endothelial cell adhesionmolecule-1 (PECAM-
1) (68, 69). CD177 activation also modulates human neutrophil
migration in a β2 integrin-dependent manner (70).

CD177 is also associated with the expression of the serine
protease PR3 (68, 69). In human neutrophils, CD177 is co-
expressed with PR3 on the surface of neutrophils and together
these promote extravasation of circulating neutrophils (69).
In severe bacterial infection the circulating levels of CD177+
neutrophils is augmented probably due to the elevated co-
expression of PR3 which facilitates increased neutrophil tissue
infiltration (71).

The circulating levels of CD177+ neutrophils are increased
in patients with anti-neutrophil cytoplasmic antibodies (ANCA)-
dependent vasculitis (70). Enrichment of these cells was
associated with an increased risk of relapse (72). However,
in ANCA-dependent vasculitis the expression of membrane
bound PR3 is enhanced in primed CD177 negative neutrophils
suggesting that anti-PR3-mediated neutrophil recruitment is
independent of the role of CD177 (71). Interestingly, CD177+
neutrophils are the functionally activated neutrophil population
in inflammatory bowel disease and negatively regulate disease
(73). The role of CD177 in neutrophil migration and IBD
currently seems to be more consensual than in the airways.

CD63+ Neutrophils
Single-cell analysis identified a subset of neutrophils in the airway
of cystic fibrosis (CF) patients that appeared to have undergone
functional reprogramming and acquired profound differences
to circulating neutrophils including reduced intracellular
glutathione and augmentation of lipid raft assembly (74). These
neutrophils expressed CD63+, a marker of NE-rich granules,
on their cell surface. In addition, expression of key phagocytosis
receptors including CD16 and CD14 was enhanced (75). This
was in contrast to the reduced levels of CD80 and of the
prostaglandin receptor CD294 on these cells. This subset of
neutrophils may represent an important future therapeutic target
for airways disease (74).

ICAM-1-Expressing Neutrophils
ICAM-1 (CD54) expressing neutrophils represent a population
of tissue-experienced neutrophils that have migrated in a
retrograde direction across endothelial cells and emerged
again in the peripheral blood by reverse transmigration (75).
This subpopulation of neutrophils are associated with chronic
systemic inflammation (62). The function of these cells as well
as their fate remain elusive.

CD16brightCD62Ldim Population and
Immune Suppressive Neutrophils
A CD16brightCD62Ldim population of neutrophils was first
described by Pillay and colleagues as a unique circulating
population of myeloid derived suppressor cells (MDSC) (74,
76). MDSCs were originally identified in a murine model of
cancer as a population of heterogeneous immature myeloid cells
that suppress immune responses (77–79). Gabrilovic et al. in
2007 subsequently coined the term MDSCs to emphasis their
heterogeneity (80).

The CD16brightCD62Ldim population of neutrophils can
mimic MDSCs and exhibit a suppressive function and suppress
T-cell proliferation in vitro while remaining remarkably poor at
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eliminating bacteria such as Staphylococcus aureus (S. aureus)
(81). This suppressive immunophenotype of mature neutrophils
is also detected in peripheral blood samples of cancer patients
suggesting their involvement in antitumor immunity (82). The
CD16brightCD62Ldim population will be discussed in greater
detail in section Neutrophil Phenotypes After Trauma.

Pro-angiogenic Neutrophils
A subpopulation of CD11b+/Gr-1+ neutrophils in the mouse
was first described in 2012 as being recruited to transplantation
sites and having the ability to promote re-vascularization of the
transplanted tissue (83). This population of neutrophils at least in
the mouse express high levels of CXCR4 (CXCR4hi). In an in vivo
model they can deliver large amounts of MMP-9 to transplanted
islets of Langerhans. This in turn, induced VEGF-dependent
angiogenesis at the site of recruitment (84). These cells have yet
to be found in humans in vivo.

Low Density Neutrophils (LDNs)
Low-density neutrophils (LDNs) comprise a population of
neutrophils with a low buoyant density that are typically found
in the mononuclear fraction upon density centrifugation. These
cells include cells both segmented and banded nuclei as well as
myelocyte-like progenitor cells (85). LDNs were first reported
in systemic lupus erythematosus (SLE), rheumatoid arthritis
and rheumatic fever (86). They are now also recognized as
being elevated in cancer and are in some studies associated
with tumor progression (87). The cells are responsible for the
down-regulation of T-cell function via an arginase dependent
mechanism such as found during the induction of materno-fetal
tolerance (87).

In sepsis, LDNs are present and play a pivotal role
in sepsis-induced immune suppression. In patients with
sepsis, granulocyte-like MDSC which include a low density
granulocyte (LDG) population, help drive T-cell dysfunction
by the production of arginase 1 that enables the subsequent
development of nosocomial infections (88).

LDNs from patients with SLE have a higher propensity to form
NETs in a process referred to as NETosis (89) and to release pre-
formed NETs. NETs can present auto-antigens to the immune
system suggesting that LDNs, from SLE patients at least, can
promote chronic inflammation leading to autoimmunity (89, 90).
High CD66b+ LDN counts were also reported in the peritoneal
cavity of patients with gastric cancer following abdominal surgery
(91). These CD66b+ LDNs have the ability to form NETs and to
selectively capture disseminated tumor cells (91).

The function of LDNs is dependent on the local
microenvironment and the associated pathology (92). For
example, in cancer LDNs have an immunosuppressive activity
(93) whilst they generally possess a pro-inflammatory phenotype
in autoimmunity disease (94, 95). In SLE, activated LDNs
produce high levels of type 1 interferons (INFs) (95). LDNs
with an activated phenotype have also been reported during
leishmania infection (94, 96). However; LDNs play a major
immunosuppressive role in sepsis which is associated with higher
incidence of nosocomial infections (88). The characterization of

these cells in vivo is difficult due to the lack of specific cell surface
or molecular markers (97).

Tumor Associated Neutrophils (TANs)
Mature neutrophils that leave the bone marrow and are released
into the circulation may migrate into tumors where they
can be found as tumor associated neutrophils (TANs) (98).
After infiltration to tumor sites, these neutrophils undergo
profound phenotypic changes compared to their circulating
counterparts (99).

In murine models of cancer, TANs showed two distinct
populations referred to as N1 and N2 with pro- and anti-tumoral
roles, respectively (100). Transcriptomic analysis showed that
N1 and N2 neutrophils have distinct gene expression profiles
and functional properties which are likely induced by the local
tumor microenvironment (101). The role(s) of TANs in the
tumor microenvironment in man remains unclear although
TANs isolated from human lung tumors possess an activated
phenotype (CD62LowCD54hi) with increased pro-inflammatory
cytokine production. These TANs also induce T-cell proliferation
and the production of IFN-γ (98).

In contrast, in colorectal cancer TANs produce arginase I
and ROS thereby inhibiting proliferation and IFN-γ production
by T-cells (102). These data suggest that these cells exhibit
LDN-like properties (102). The numbers and functions of TANs
are regulated by chemotherapy in human colorectal cancer
which supports the hypothesis that they have a role in cancer
progression (103). However, the degree to which TAN subsets are
present in human cancers or whether different human cancers
include different TAN subsets is unclear.

Despite the current consensus around the existence of
neutrophil heterogeneity, there are still some challenges to be
met. It is possible that the different observed properties of the
neutrophil populations merely reflect the response to the local
environment and differences result from their innate plasticity
(93). Further studies are required to link the various phenotypic
characteristics with cellular/tissue functions.

THE IMPORTANCE OF NEUTROPHILS IN
INFLAMMATORY COMPLICATIONS
FOUND AFTER TRAUMA

Trauma is the main case of mortality worldwide in people under
the age of 50 (12). In 5% of cases, patients suffer from severe
trauma. This clinical condition can ultimately lead to multiple
organ dysfunction syndrome (MODS) in which the functionality
of some organs such as liver, lung or kidney is markedly reduced
(104). The main cause of post-traumatic complications is due to
hyperactivation of the immune response (105). For example, a
localized inflammatory reaction after trauma can be provoked by
alarm signals (alarmins and other damage associated molecular
patterns/DAMPS) which are secreted by healthy, damaged or
necrotic cells (106).

Neutrophils are important effector cells in managing and
regaining tissue homeostasis and in the maintenance of immune
surveillance. Activation of neutrophils after trauma by alarm
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signals evokes the development of a local inflammatory response.
If this local inflammatory response becomes excessive this may
lead to a SIRS and MODS.

MODS has a mortality rate of up to 50–80% (106). To
control this disproportionate pro-inflammatory reaction and
to restore the equilibrium, a compensatory anti-inflammatory
response (CARS) may occur (105, 107). Alternatively, the
pro-inflammatory and anti-inflammatory responses may
counteract each other leading to a mixed antagonist response
(MARS) (108, 109). Both CARS and MARS tune down the
disproportionate immune activation (110) making the patient
extremely susceptible to infection by microorganisms. This
results in serious complications such as sepsis, septic shock and
organ failure [(105); Figure 3].

Neutrophils play an important role in the pathophysiology
of the deregulated immune response found in patients with
trauma (111). Tissue damage leads to neutrophil activation and
the production of ROS due to various triggers such as hypoxia
and reperfusion injury in damaged tissue and the release of
neutrophil chemoattractants and activators (112). The presence
of neutrophil priming agents such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) or TNF-α in the peripheral
blood, enhances neutrophil chemotaxis, extravasation and
oxidative burst production (113). The spontaneous production
of ROS by neutrophils is elevated in trauma patients and the
uncontrolled ROS production by accumulated neutrophils in the
vascular bed increases vascular permeability promoting organ
failure (112).

Selectins and integrins mediate neutrophil transmigration
toward the inflamed and/or damaged tissue. Neutrophils release
L-selectin during migration and serum levels of L-selectin (sL-
selectin) are associated with the degree of neutrophil activation.
Maximum sL-selectin levels were observed 6 h after trauma
(113, 114). The destructive effects of neutrophils within tissue is
limited by neutrophil apoptosis. However, this process is delayed

after trauma (115). Delayed neutrophil apoptosis leads to the
accumulation of neutrophils, increased release of their cytotoxic
products and the promotion of local tissue damage (105, 116).

Although neutrophils are activated during SIRS post-trauma,
their responsiveness to the innate stimulus fMLP decreases.
This is illustrated by the decreased expression of active FcγRII
(CD32) induced by fMLP on neutrophils in poly trauma patients.
Consequently, the low functionality of this most important
Fcγ receptor on neutrophils probably involves the decrease of
antibacterial function during CARS over the following days (117,
118). This may be due to the production of CD16low immature
neutrophils (118). The recruitment of immature band forms
of neutrophils from the bone marrow into the circulation is
typically found in sepsis and SIRS (119). It is yet to be determined
whether these young cells are dysfunctional or whether these cells
are fully functional as is seen after LPS challenge (81). On the
other hand, these immature neutrophils show lower expression
of antibacterial receptors such as CD14 and MD-2 and have a
reduced transmigration ability (118).

The endocrine system also modifies neutrophil changes after
severe injury. Both trauma-induced cortisol and epinephrine
strongly increase neutrophil release into circulating blood (120).
Cortisol is also thought to extend the half-life of circulating
neutrophils (120). Together with the reduced chemotaxis found
after cortisol and epinephrine infusion these combined effects
could account for increased susceptibility to infection observed
after major trauma (120).

Neutrophil Phenotypes After Trauma
Acute inflammation is accompanied by the recruitment of
neutrophils with different phenotypes into the circulation that are
not present during homeostasis (12, 121). These “inflammatory”
neutrophils have distinct characteristics such as enhanced
expression of CD124 (IL-4Rα), CD15 (3- fucosyl-N-acetyl-
lactosamine), and arginase in addition to a lower buoyant

FIGURE 3 | Activation of immune response after trauma. Activation of neutrophils after trauma evokes the development of a local inflammatory response. If this local

inflammatory response becomes excessive this may lead to a systemic inflammatory response (SIRS) and multiple organ dysfunction syndrome (MODS). To restore

the equilibrium to a favorable state, a compensatory anti-inflammatory response (CARS) may occur or, alternatively, the pro-inflammatory and anti-inflammatory

responses may counteract leading to a mixed antagonist response (MARS).
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density and immunomodulatory properties (3). In 2012, Pillay
et al. observed neutrophil subtypes in the circulation during
experimental acute systemic inflammation evoked by systemic
administration of 2 ng/kg LPS in human healthy volunteers
(3). Based on the expression level of CD16 (FcγRIII) and
CD62L (L-selectin), three different subsets of “inflammatory”
neutrophils were observed: neutrophils with a conventional
segmented nucleus (CD16bright/CD62Lbright), neutrophils with
a banded nucleus (CD16dim/CD62Lbright), and CD62Ldim
neutrophils (CD16bright/CD62Ldim) with a higher number of
nuclear lobes (hyper-segmented).

Banded neutrophils observed in acute inflammation are fully
functional and are superior in killing S. aureus (81). In contrast,
CD62Ldim neutrophils were enriched by proteins involved in
immune regulation (122) as these cells have immunosuppressive
properties and inhibit T-cell proliferation (123). CD16Ldim

neutrophils also showed lower cell adhesion capacity and an
extremely low capacity to contain bacteria in comparison to the
two other subtypes (124). Chemotaxis toward end target chemo-
attractants was also decreased in this group which might result in
reduced endothelial binding and extravasation to inflammatory
sites (124). The origin of CD62Ldim cells after trauma in humans
is not clear but these cells do not represent aged cells (3).

Although it is commonly believed that increased nuclear
segmentation occurs with increasing cellular age this is not really
supported by experimental data. For example, in humans the
hyper-segmented neutrophils seen in pernicious anemia result
from defects in the DNA replication machinery. These hyper-
segmented neutrophils appear in the circulation simultaneously
with normal neutrophils (124). In addition, a study applying
proteome profiling and in vivo kinetics of neutrophils following
LPS challenge showed that hyper-segmented neutrophils have a
similar age as normal segmented cells and take the same time
to reach maturity and, as such, cannot be considered as aged
cells (125). Furthermore, these hyper-segmented CD62Ldim cells
do not seem to originate from mature neutrophils but might be
produced by a separate pathway compared to banded and normal
segmented neutrophils in response to inflammation (123). These
cells enter the bloodstream only during inflammation as a distinct
neutrophil subset. It is, therefore, tempting to speculate that
these cells have a specific goal of fine-tuning the acute immune
response (96).

The Role of Neutrophils in Immune
Dysfunction After Trauma and
Inflammation
Neutrophils are involved in the deregulation of immune
responses during trauma by several mechanisms including
cleavage of essential cell surface receptors, modulation of the
function of immune receptors, control of peripheral blood
neutrophil numbers, and modulation of the adaptive immune
response.

Cleavage of Essential Cell Surface Receptors
Neutrophil-derived serine proteases released by degranulation
can mediate proteolytic cleavage of receptors on immune
cells (126). During acute inflammation NE can cleave and

downregulate the expression of the IL-8 receptors CXCR1
and 2 (127, 128). This, in turn, decreases the responsiveness
to IL-8 and enhances the risk of pneumonia in trauma
patients (129). Complement receptors may also be targeted by
neutrophil proteases. Decreased levels of CR1/CD35 (130) and
of C5aR/CD88 have been reported during inflammation which
might result in a failure of neutrophil engagement with micro-
organisms (131). Cleavage of CD14 on the surface of monocytes
can also be affected by NE which can lead to impaired TLR4-
mediated recognition of lipopolysaccharide by monocytes (132).
On the other hand, NE can also modulate adaptive immune
responses by enhancing the shedding of the IL-2 and IL-6
receptors on T lymphocytes (133).

Desensitization of Immune Receptors
After severe injury and trauma, suppression of immune function
may occur due to the desensitization of immune receptors on
neutrophils (133). Trauma/severe injury leads to the release
of endogenous danger signals (danger-associated molecular
patterns; DAMPs) from necrotic tissue cells that can bind to PRRs
on neutrophils (134). DAMPs, which alert the immune system
in response to stress, resemble pathogen-associated molecular
patterns (PAMPs) and can bind to their receptors on neutrophils
(135). Finally, DAMPs released during trauma can induce
both homologous and heterologous desensitization of immune
receptors via internalization of PPRs which limit subsequent
responses to microbial signals (136).

Regulation of Neutrophil Numbers
The number of neutrophils in the circulating blood is regulated
by the CXCL12/CXCR4 axis in the mouse (24). Expression of
the chemokine CXCL12 by bone marrow stromal cells provide
a signal for neutrophils expressing the CXCL12 receptor CXCR4
to remain in the bone marrow (22). Conversely, attenuation
of CXCR4 signaling leads to the release of neutrophils into
the circulation. Disruption of the CXCR4/CXCL12 balance
by inflammatory stimuli can increase neutrophil release into
peripheral blood (24) or can lead to leukostasis in the bone
marrow such as found in WHIM syndrome.

In human experimental endotoxemia, peripheral neutrophils
exhibit a functional heterogeneity and different degrees of
priming (122). Similar variations in neutrophil phenotypes
are seen in the peripheral blood of patients during severe
inflammation (137). A large number of immature or banded cells,
suppressive neutrophils, myeloid-derived suppressor cells, and
neutrophil progenitor cells can be detected (119). The presence of
immature or banded neutrophils may be either a compensatory
response due to depletion of mature neutrophils in bone marrow
or it may be induced by the bacterial stimulus itself (123).

Modulation of the Adaptive Immune Response
Neutrophils play the major role in the paralysis of the immune
system during CARS that may occur because of systemic
inflammation (138). Immune paralysis is an immunosuppressed
state in which immune responses are unable to recover despite
the clearance of pathogens. This leads to a failure in the ability
to control the primary infection and increased susceptibility to
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secondary infections. Immune paralysis is the main cause of
death in most sepsis patients (139).

Apart from their roles in innate immunity and direct anti-
microbial defense, neutrophils can also modulate adaptive
immune cells in severe inflammation (119). Neutrophils can
modulate T-cell responses via different mechanisms. A T-cell
found in an inflammatory microenvironment may be affected
by neutrophil-derived chemokines and cytokines or by their
released granular contents (140). NE can directly cleave receptors
on the T-cell surface such as those for IL-2 and IL-6 (133). NE
can also reduce the level of co-stimulatory molecules on dendritic
cells and subsequently decrease T-cell maturation (141).

Macrophages shift toward an anti-inflammatory phenotype
after phagocytosis of apoptotic neutrophils (142). MDSCs are
a heterogonous population consisting of myeloid progenitors,
immature neutrophils, macrophages and dendritic cells that
expand during a wide range of pathological conditions such
as cancer and inflammation (143). These cells are potent
suppressors of various T-cell functions in mouse models. These
cells can produce arginase-1 and thereby deplete arginine from
the local microenvironment (144). Arginine is an essential amino
acid and its depletion leads to cell cycle arrest of T-cells in the G0–
G1 phase (145). A subset of neutrophils have been identified in
the peripheral blood of patients with septic shock that can secrete
arginase-1 and function as MDSCs (146).

In man, a systematic LPS challenge induced the release
of a subtype of mature CD62Ldim neutrophils with a hyper-
segmented nuclear morphology into the circulation (123). These
cells suppressed T-cell function via a Mac-1/(αMβ2)-dependent
(CD11b/CD18-dependent) mechanism and delivery of hydrogen
peroxide into the immunological synapse (123). A similar subset
has been found after systemic treatment with G-CSF (147).
However, the latter cells employ arginase rather than oxidants to
suppress T-cell function in vitro.

Proteome profiling of L-selectin/CD62L low neutrophils
showed that this subtype is enriched in proteins involved
in immune regulation and exhibited a marked decrease in
ribosomal proteins compared to immature banded neutrophils
(3). This implied that the L-selectin low cells lost a significant part
of their protein translational machinery (3).

INF-γ induces the expression PD-L1 by neutrophils which
enables them to suppress lymphocyte proliferation and induce
lymphocyte apoptosis (148). Blocking this PD-1/PD-L1 axis in
a murine model of sepsis reversed immune dysfunction and
improved survival (149). INF-γ also induced the expression of
Fc gamma receptor (CD64) by induction of transcription factor
STAT1 [(150); Figure 4].

Neutrophil subgroups also play a role in cancer immunity.
CD16highCD62Ldim cells are more common in patients with
head and neck squamous cell carcinoma (HNSCC). These
cells produce NETs, displayed an activated phenotype and, in
comparison to other subtypes, were more prone to migrate to
tumor sites and perform anti-tumor immune functions including
inhibition of proliferation and the induction of apoptosis in
cancer cells. An increase in circulating CD16highCD62Ldim

neutrophils was associated with increased NET formation and
increased survival in HNSCC patients (151).

FIGURE 4 | INF-gamma induced the expression of Fc gamma receptor

(CD64). IFN-γ induces its receptor and the downstream signaling pathways

including JAKs and the STAT family of transcription factors. STAT dimers

enhance the transcription of CD64 gene and the translated CD64 will be

targeted in to the plasma membrane bilayer lipid.

THE APPLICATION OF NEUTROPHILS AS
BIOMARKERS IN INFECTIOUS DISEASES

The neutrophil Fcγ-receptor I (FcγRI, CD64) has long been
considered as a biomarker for infectious disease. It is a high
affinity receptor that binds to the Fc part of the IgG heavy
chain (152). CD64 is normally expressed at a very low level on
the surface of resting neutrophils in healthy individuals (153)
but its expression is markedly elevated within a few hours of
bacterial infections (154). The expression can be elevated >10-
fold which allows differentiation between resting and activated
neutrophils (155, 156). This property of CD64 has been utilized
as a diagnostic marker of infection (156) particularly in sepsis.
The expression of this marker is very stable after blood collection
and it requires only a small volume for assessment (156) making
this a very attractive marker for infection monitoring.

The level of CD64 is moderately elevated in preterm newborn
infants before changing to normal levels in the first month of
life (157). However, a meta-analysis of the diagnostic accuracy
of neutrophil CD64 in neonatal sepsis suggests that this alone
cannot be used as a satisfactory marker for neonatal sepsis due
to its relatively low sensitivity and specificity (158). However,
neutrophil CD64 levels are a very sensitive diagnostic marker
for early-onset clinical infection and pneumonia in newborns
and can guide antibiotic therapy (159). In addition, circulating
neutrophils in Erythema nodosum leprosum (ENL) patients
expressed CD64 on their cell surface and this expression was
correlated with disease severity (160).

Neutrophil gelatinase-associated lipocalin (NGAL) is another
neutrophilic marker important for the early diagnosis of acute
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kidney injury (161). NGAL is also used as a biomarker for
inflammation in cardiovascular disease including atherosclerosis,
heart failure as well as acute myocardial infarction (161).

A novel neutrophil derived inflammatory biomarker
in CF patients has been recently introduced (162). This
is a protein complex containing alpha-1 antitrypsin and
CD16b (AAT:CD16b) that is released into the bloodstream
from membranes of pro-inflammatory primed neutrophils.
The plasma level of AAT:CD16b complex correlates with
inflammatory status in CF patients and has been proposed
as a biomarker for the diagnosis of CF exacerbations (162).
In ulcerative colitis (UC), the presence of human neutrophil
lipocalin (HNL), and MPO in colorectal perfusion fluids
indicates intestinal neutrophil activation in UC (163).

CONCLUSION

Neutrophils are main players in the context of inflammatory
complications during and after infections and tissue injury.
The neutrophil compartment is heterogeneous and neutrophils
with distinct properties have been identified. These cells
exhibit a high plasticity and easily adapt to changes in
microenvironment. Newly identified human neutrophil
subsets can suppress T-cell activation and proliferation
and their presence may provide a novel therapeutic and/or
diagnostic avenue in chronic and acute infection as well
as in cancers. In contrast, neutrophils also play the central

role in the immune paralysis after severe inflammation
and have a detrimental role in organ failure in post-injury
events.

The paradox regarding the role of neutrophils in health and
disease dictates that therapy should be targeted to the correct
phenotypes to prevent off-target effects. It is now of paramount
importance to identity the site of origin of different neutrophil
phenotypes present in severe inflammation. The potential of
neutrophil cell surface markers or their products to be used in
diagnosis or in therapy has great potential but requires further
study. In addition, the mechanism(s) by which neutrophils drive
immune paralysis and subsequent tissue damage post-trauma are
an important therapeutic target as there is great unmet medical
need to control neutrophil activation in most inflammatory
diseases.

AUTHOR CONTRIBUTIONS

EM and SA wrote the original draft of manuscript. SM helped
with editing, literature collating and referencing. LK and IA
revised and edited the manuscript.

FUNDING

SM and IA were supported by the British Heart Foundation
(PG/14/27/30679) and the Dunhill Medical Trust (R368/0714).
IA was also supported by the Wellcome Trust (093080/Z/10/Z).

REFERENCES

1. Nathan C. Neutrophils and immunity: challenges and opportunities.Nat Rev
Immunol. (2006) 6:173–82. doi: 10.1038/nri1785

2. Weiss SJ. Tissue destruction by neutrophils. N Engl J Med. (1989) 320:365–
76.

3. Tak T, Wijten P, Heeres M, Pickkers P, Scholten A, Heck AJ, et al.
Human CD62Ldim neutrophils identified as a separate subset by proteome
profiling and in vivo pulse-chase labeling. Blood (2017) 129:3476–85.
doi: 10.1182/blood-2016-07-727669

4. Selders GS, Fetz AE, Radic MZ, Bowlin GL. An overview of the role
of neutrophils in innate immunity, inflammation and host-biomaterial
integration. Regenerat Biomater. (2017) 4:55–68. doi: 10.1093/rb/rbw041

5. Hellebrekers P, Vrisekoop N, Koenderman L. Neutrophil phenotypes
in health and disease. Eur J Clin Invest. (2018) 23: e12943.
doi: 10.1111/eci.12943

6. Leliefeld PH, Koenderman L, Pillay J. How neutrophils shape
adaptive immune responses. Front Immunol. (2015) 6:471.
doi: 10.3389/fimmu.2015.00471

7. Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic
options. Nat Med. (2011) 17:1410. doi: 10.1038/nm.2538

8. Soehnlein O. Multiple roles for neutrophils in atherosclerosis. Circul Res.
(2012) 110:875–88. doi: 10.1161/CIRCRESAHA.111.257535

9. Hong C-W. Current understanding in neutrophil differentiation
and heterogeneity. Immune Netw. (2017) 17:298–306.
doi: 10.4110/in.2017.17.5.298

10. Hellebrekers P, Hietbrink F, Vrisekoop N, Leenen LP, Koenderman
L. Neutrophil Functional heterogeneity: identification of
competitive Phagocytosis. Front Immunol. (2017) 8:1498.
doi: 10.3389/fimmu.2017.01498

11. Silvestre-Roig C, Hidalgo A, Soehnlein O. Neutrophil heterogeneity:
implications for homeostasis and pathogenesis. Blood (2016) 127:2173–81.
doi: 10.1182/blood-2016-01-688887

12. Pillay J, Hietbrink F, Koenderman L, Leenen L. The systemic inflammatory
response induced by trauma is reflected by multiple phenotypes of
blood neutrophils. Injury (2007) 38:1365–72. doi: 10.1016/j.injury.2007.
09.016

13. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization
of tumor-associated neutrophil phenotype by TGF-β:“N1” versus “N2” TAN.
Cancer Cell (2009) 16:183–94. doi: 10.1016/j.ccr.2009.06.017

14. Welch DR, Schissel DJ, Howrey RP, Aeed PA. Tumor-elicited
polymorphonuclear cells, in contrast to “normal” circulating
polymorphonuclear cells, stimulate invasive and metastatic potentials
of rat mammary adenocarcinoma cells. Proc Natl Acad Sci USA. (1989)
86:5859–63. doi: 10.1073/pnas.86.15.5859

15. Rodriguez FM, Novak ITC. What about the neutrophils phenotypes?
Hematol Med Oncol. (2017) 2:1–6. doi: 10.15761/HMO.1000130

16. Geng S, Matsushima H, Okamoto T, Yao Y, Lu R, Takashima A.
Reciprocal regulation of development of neutrophil-dendritic cell hybrids
in mice by IL-4 and interferon-gamma. PLoS ONE (2013) 8:e82929.
doi: 10.1371/journal.pone.0082929.

17. ManzMG, Boettcher S. Emergency granulopoiesis.Nat Rev Immunol. (2014)
14:302–14. doi: 10.1038/nri3660

18. Ward AC, Loeb DM, Soede-Bobok AA, Touw IP, Friedman AD. Regulation
of granulopoiesis by transcription factors and cytokine signals. Leukemia

(2000) 14:973–90. doi: 10.1038/sj.leu.2401808
19. Lawrence SM, Corriden R, Nizet V. The Ontogeny of a Neutrophil:

mechanisms of granulopoiesis and homeostasis. Microbiol

Mol Biol Rev. (2018) 82:e00057-17. doi: 10.1128/MMBR.000
57-17

Frontiers in Immunology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 2171

https://doi.org/10.1038/nri1785
https://doi.org/10.1182/blood-2016-07-727669
https://doi.org/10.1093/rb/rbw041
https://doi.org/10.1111/eci.12943
https://doi.org/10.3389/fimmu.2015.00471
https://doi.org/10.1038/nm.2538
https://doi.org/10.1161/CIRCRESAHA.111.257535
https://doi.org/10.4110/in.2017.17.5.298
https://doi.org/10.3389/fimmu.2017.01498
https://doi.org/10.1182/blood-2016-01-688887
https://doi.org/10.1016/j.injury.2007.09.016
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1073/pnas.86.15.5859
https://doi.org/10.15761/HMO.1000130
https://doi.org/10.1371/journal.pone.0082929.
https://doi.org/10.1038/nri3660
https://doi.org/10.1038/sj.leu.2401808
https://doi.org/10.1128/MMBR.00057-17
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mortaz et al. Neutrophils and Infection

20. Jia T, Fu H, Sun J, Zhang Y, Yang W, Li Y. Foxp3 expression in A549 cells
is regulated by Toll-like receptor 4 through nuclear factor-κB.Mol Med Rep.

(2012) 6:167–72. doi: 10.3892/mmr.2012.877
21. Furze RC, Rankin SM. Neutrophil mobilization and clearance

in the bone marrow. Immunology (2008) 125:281–8.
doi: 10.1111/j.1365-2567.2008.02950.x

22. Strydom N, Rankin SM. Regulation of circulating neutrophil numbers
under homeostasis and in disease. J Innate Immun. (2013) 5:304–14.
doi: 10.1159/000350282

23. von Vietinghoff S, Asagiri M, Azar D, Hoffmann A, Ley K. Defective
regulation of CXCR2 facilitates neutrophil release from bone marrow
causing spontaneous inflammation in severely NF-kappa B-deficient
mice. J Immunol. (2010) 185:670–8. doi: 10.4049/jimmunol.10
00339

24. Doring Y, Pawig L, Weber C, Noels H. The CXCL12/CXCR4 chemokine
ligand/receptor axis in cardiovascular disease. Front Physiol. (2014) 5:212.
doi: 10.3389/fphys.2014.00212

25. Eash KJ, Greenbaum AM, Gopalan PK, Link DC. CXCR2 and CXCR4
antagonistically regulate neutrophil trafficking from murine bone marrow.
J Clin Invest. (2010) 120:2423–31. doi: 10.1172/JCI41649

26. Hyun Y-M, Sumagin R, Sarangi PP, Lomakina E, Overstreet MG, Baker
CM, et al. Uropod elongation is a common final step in leukocyte
extravasation through inflamed vessels. J Exp Med. (2012) 209:1349–62.
doi: 10.1084/jem.20111426

27. Park SA, Hyun YM. Neutrophil Extravasation Cascade: what can we learn
from two-photon intravital imaging? Immune Netw. (2016) 16:317–21.
doi: 10.4110/in.2016.16.6.317

28. Voisin M-B, Nourshargh S. Neutrophil transmigration: emergence of an
adhesive cascade within venular walls. J Innate Immunity (2013) 5:336–47.
doi: 10.1159/000346659

29. DiStasi MR, Ley K. Opening the flood-gates: how neutrophil-endothelial
interactions regulate permeability. Trends Immunol. (2009) 30:547–56.
doi: 10.1016/j.it.2009.07.012

30. Sá-Pereira I, Brites D, Brito MA. Neurovascular unit: a focus on pericytes.
Mol Neurobiol. (2012) 45:327–47. doi: 10.1007/s12035-012-8244-2

31. Navarro R, Compte M, Alvarez-Vallina L, Sanz L. Immune regulation by
pericytes: modulating innate and adaptive immunity. Front Immunol. (2016)
7:480. doi: 10.3389/fimmu.2016.00480

32. Hind LE, VincentWJ, Huttenlocher A. Leading from the Back: the role of the
uropod in neutrophil polarization and migration. Dev Cell (2016) 38:161–9.
doi: 10.1016/j.devcel.2016.06.031

33. Herter J, Zarbock A. Integrin regulation during leukocyte
recruitment. J Immunol. (2013) 190:4451–7. doi: 10.4049/jimmunol.12
03179

34. Gonzalez AL, El-Bjeirami W, West JL, McIntire LV, Smith CW.
Transendothelial migration enhances integrin-dependent human neutrophil
chemokinesis. J Leukoc Biol. (2007) 81:686–95. doi: 10.1189/jlb.0906553

35. Padmanabhan J, Gonzalez AL. The effects of extracellular matrix proteins
on neutrophil-endothelial interaction–a roadway to multiple therapeutic
opportunities. Yale J Biol Med. (2012) 85:167–85.

36. Tortorella C, Piazzolla G, Spaccavento F, Vella F, Pace L, Antonaci
S. Regulatory role of extracellular matrix proteins in neutrophil
respiratory burst during aging. Mech Ageing Dev. (2000) 119: 69–82.
doi: 10.1016/S0047-6374(00)00171-8

37. Nathan C, Srimal S, Farber C, Sanchez E, Kabbash L, Asch A,
et al. Cytokine-induced respiratory burst of human neutrophils:
dependence on extracellular matrix proteins and CD11/CD18
integrins. J Cell Biol. (1989) 109:1341–9. doi: 10.1083/jcb.109.
3.1341

38. Borgquist JD, Quinn MT, Swain SD. Adhesion to extracellular matrix
proteins modulates bovine neutrophil responses to inflammatory mediators.
J Leukocyte Biol. (2002) 71:764–74.

39. Ginis I, Faller DV. Protection from apoptosis in human neutrophils is
determined by the surface of adhesion. Am J Physiol. (1997) 272(Pt 1):C295–
309. doi: 10.1152/ajpcell.1997.272.1.C295

40. Kettritz R, Xu YX, Kerren T, Quass P, Klein JB, Luft FC, et al. Extracellular
matrix regulates apoptosis in human neutrophils. Kidney Int. (1999) 55:562–
71. doi: 10.1046/j.1523-1755.1999.00280.x

41. Woodfin A, Voisin MB, Nourshargh S. Recent developments and
complexities in neutrophil transmigration. Curr Opin Hematol. (2010) 17:9–
17. doi: 10.1097/MOH.0b013e3283333930

42. Sanda GE, Belur AD, Teague HL, Mehta NN. Emerging associations between
neutrophils, atherosclerosis, and psoriasis. Curr Atheroscler Rep. (2017)
19:53. doi: 10.1007/s11883-017-0692-8

43. Hartwig H, Silvestre Roig C, Daemen M, Lutgens E, Soehnlein O.
Neutrophils in atherosclerosis. A brief overview. Hamostaseologie (2015)
35:121–7. doi: 10.5482/HAMO-14-09-0040

44. Chung KF, Adcock IM. Multifaceted mechanisms in COPD: inflammation,
immunity, and tissue repair and destruction. Eur Respir J. (2008) 31:1334–56.
doi: 10.1183/09031936.00018908

45. Houghton AM. The paradox of tumor-associated neutrophils: fueling
tumor growth with cytotoxic substances. Cell Cycle (2010) 9:1732–7.
doi: 10.4161/cc.9.9.11297

46. Zawrotniak M, Rapala-Kozik M. Neutrophil extracellular traps (NETs) -
formation and implications. Acta Biochim Pol. (2013) 60:277–84.

47. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science (2004) 303:1532–5.
doi: 10.1126/science.1092385

48. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease.
Nat Rev Immunol. (2018) 18:134–47. doi: 10.1038/nri.2017.105

49. Walker MJ, Hollands A, Sanderson-Smith ML, Cole JN, Kirk JK,
Henningham A, et al. DNase Sda1 provides selection pressure for a switch
to invasive group A streptococcal infection. Nat Med. (2007) 13:981–5.
doi: 10.1038/nm1612

50. Chuammitri P, Ostojic J, Andreasen CB, Redmond SB, Lamont SJ, Palic D.
Chicken heterophil extracellular traps (HETs): novel defense mechanism
of chicken heterophils. Vet Immunol Immunopathol. (2009) 129:126–31.
doi: 10.1016/j.vetimm.2008.12.013

51. Palic D, Ostojic J, Andreasen CB, Roth JA. Fish cast NETs: neutrophil
extracellular traps are released from fish neutrophils. Dev Compar Immunol.

(2007) 31:805–16. doi: 10.1016/j.dci.2006.11.010
52. Wardini AB, Guimaraes-Costa AB, Nascimento MT, Nadaes NR, Danelli

MG, Mazur C, et al. Characterization of neutrophil extracellular traps in cats
naturally infected with feline leukemia virus. J General Virol. (2010) 91(Pt
1):259–64. doi: 10.1099/vir.0.014613-0

53. Ermert D, Urban CF, Laube B, Goosmann C, Zychlinsky A, Brinkmann V.
Mouse neutrophil extracellular traps inmicrobial infections. J Innate Immun.
(2009) 1:181–93. doi: 10.1159/000205281

54. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al.
Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in
septic blood. Nat Med. (2007) 13:463–9. doi: 10.1038/nm1565

55. Malachowa N, Kobayashi SD, Quinn MT, DeLeo FR. NET confusion. Front
Immunol. (2016) 7:259. doi: 10.3389/fimmu.2016.00259

56. Leben R, Ostendorf L, van Koppen S, Rakhymzhan A, Hauser AE, Radbruch
H, et al. Phasor-based endogenous NAD (P) H fluorescence lifetime imaging
unravels specific enzymatic activity of neutrophil granulocytes preceding
NETosis. Int J Mol Sci. (2018) 19:1018. doi: 10.3390/ijms19041018

57. NauseefWM, Kubes P. Pondering neutrophil extracellular traps with healthy
skepticism. Cell Microbiol. (2016) 18:1349–57. doi: 10.1111/cmi.12652

58. Yipp BG, Kubes P. NETosis: how vital is it? Blood (2013) 122:2784–94.
doi: 10.1182/blood-2013-04-457671

59. Lavin Y, Winter D, Blecher-Gonen R, David E, Keren-Shaul H,
Merad M, et al. Tissue-resident macrophage enhancer landscapes
are shaped by the local microenvironment. Cell (2014) 159:1312–26.
doi: 10.1016/j.cell.2014.11.018

60. Shaughnessy RG, Farrell D, Riepema K, Bakker D, Gordon SV. Analysis
of biobanked serum from a Mycobacterium avium subsp paratuberculosis
bovine infection model confirms the remarkable stability of circulating
miRNA profiles and defines a bovine serum miRNA repertoire. PLoS ONE

(2015) 10:e0145089. doi: 10.1371/journal.pone.0145089
61. Garley M, Jabłonska E. Heterogeneity among neutrophils. Arch Immunol

Ther Exp. (2017) 66:21–30. doi: 10.1007/s00005-017-0476-4
62. Kruger P, Saffarzadeh M, Weber AN, Rieber N, Radsak M, von

Bernuth H, et al. Neutrophils: between host defence, immune
modulation, and tissue injury. PLoS Pathogens (2015) 11:e1004651.
doi: 10.1371/journal.ppat.1004651

Frontiers in Immunology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 2171

https://doi.org/10.3892/mmr.2012.877
https://doi.org/10.1111/j.1365-2567.2008.02950.x
https://doi.org/10.1159/000350282
https://doi.org/10.4049/jimmunol.1000339
https://doi.org/10.3389/fphys.2014.00212
https://doi.org/10.1172/JCI41649
https://doi.org/10.1084/jem.20111426
https://doi.org/10.4110/in.2016.16.6.317
https://doi.org/10.1159/000346659
https://doi.org/10.1016/j.it.2009.07.012
https://doi.org/10.1007/s12035-012-8244-2
https://doi.org/10.3389/fimmu.2016.00480
https://doi.org/10.1016/j.devcel.2016.06.031
https://doi.org/10.4049/jimmunol.1203179
https://doi.org/10.1189/jlb.0906553
https://doi.org/10.1016/S0047-6374(00)00171-8
https://doi.org/10.1083/jcb.109.3.1341
https://doi.org/10.1152/ajpcell.1997.272.1.C295
https://doi.org/10.1046/j.1523-1755.1999.00280.x
https://doi.org/10.1097/MOH.0b013e3283333930
https://doi.org/10.1007/s11883-017-0692-8
https://doi.org/10.5482/HAMO-14-09-0040
https://doi.org/10.1183/09031936.00018908
https://doi.org/10.4161/cc.9.9.11297
https://doi.org/10.1126/science.1092385
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nm1612
https://doi.org/10.1016/j.vetimm.2008.12.013
https://doi.org/10.1016/j.dci.2006.11.010
https://doi.org/10.1099/vir.0.014613-0
https://doi.org/10.1159/000205281
https://doi.org/10.1038/nm1565
https://doi.org/10.3389/fimmu.2016.00259
https://doi.org/10.3390/ijms19041018
https://doi.org/10.1111/cmi.12652
https://doi.org/10.1182/blood-2013-04-457671
https://doi.org/10.1016/j.cell.2014.11.018
https://doi.org/10.1371/journal.pone.0145089
https://doi.org/10.1007/s00005-017-0476-4
https://doi.org/10.1371/journal.ppat.1004651
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mortaz et al. Neutrophils and Infection

63. Brandau S, Dumitru CA, Lang S. Protumor and antitumor functions
of neutrophil granulocytes. Seminars Immunopathol. (2013) 35:163–76.
doi: 10.1007/s00281-012-0344-6

64. Sigua JA, Buelow B, Cheung DS, Buell E, Hunter D, Klancnik
M, et al. CD49d-expressing neutrophils differentiate atopic from
nonatopic individuals. J Allergy Clin Immunol. (2014) 133:901–4.e5.
doi: 10.1016/j.jaci.2013.09.035

65. Welin A, Amirbeagi F, Christenson K, Bjorkman L, Bjornsdottir H, Forsman
H, et al. The human neutrophil subsets defined by the presence or absence
of OLFM4 both transmigrate into tissue in vivo and give rise to distinct
NETs in vitro. PLoS ONE (2013) 8:e69575. doi: 10.1371/journal.pone.00
69575

66. Liu W, Yan M, Liu Y, Wang R, Li C, Deng C, et al. Olfactomedin 4 down-
regulates innate immunity against Helicobacter pylori infection. Proc Natl

Acad Sci USA. (2010) 107:11056–61. doi: 10.1073/pnas.1001269107
67. Liu H, Liu Y, Li Y, Liu Z, Li L, Ding S, et al. Proteinase 3 expression on the

neutrophils of patients with paroxysmal nocturnal hemoglobinuria. Exp Ther
Med. (2018) 15:2525–32. doi: 10.3892/etm.2017.5662

68. Bauer S, Abdgawad M, Gunnarsson L, Segelmark M, Tapper H, Hellmark
T. Proteinase 3 and CD177 are expressed on the plasma membrane
of the same subset of neutrophils. J Leukocyte Biol. (2007) 81:458–64.
doi: 10.1189/jlb.0806514

69. Kuckleburg CJ, Tilkens SB, Santoso S, Newman PJ. Proteinase 3 contributes
to transendothelial migration of NB1-positive neutrophils. J Immunol.
(2012) 188:2419–26. doi: 10.4049/jimmunol.1102540

70. Bai M, Grieshaber-Bouyer R, Wang J, Schmider AB, Wilson ZS, Zeng L,
et al. CD177 modulates human neutrophil migration through activation-
mediated integrin and chemoreceptor regulation. Blood (2017) 130:2092–
100. doi: 10.1182/blood-2017-03-768507

71. Hu N, Westra J, Huitema M, Bijl M, Brouwer E, Stegeman C, et al.
Coexpression of CD177 and membrane proteinase 3 on neutrophils
in antineutrophil cytoplasmic autoantibody–associated systemic vasculitis:
anti–proteinase 3–mediated neutrophil activation is independent of the role
of CD177-expressing neutrophils. Arthritis Rheumatol. (2009) 60:1548–57.
doi: 10.1002/art.24442

72. Rarok AA, Stegeman CA, Limburg PC, Kallenberg CG. Neutrophil
membrane expression of proteinase 3 (PR3) is related to relapse in
PR3-ANCA-associated vasculitis. J Am Soc Nephrol. (2002) 13:2232–8.
doi: 10.1097/01.ASN.0000028642.26222.00

73. Zhou G, Yu L, Fang L, Yang W, Yu T, Miao Y, et al. CD177+ neutrophils
as functionally activated neutrophils negatively regulate IBD. Gut (2017)
67:1052–63. doi: 10.1136/gutjnl-2016-313535

74. Tirouvanziam R, Gernez Y, Conrad CK, Moss RB, Schrijver I, Dunn CE,
et al. Profound functional and signaling changes in viable inflammatory
neutrophils homing to cystic fibrosis airways. Proc Natl Acad Sci USA. (2008)
105:4335–9. doi: 10.1073/pnas.0712386105

75. Buckley CD, Ross EA,McGettrick HM,Osborne CE, Haworth O, Schmutz C,
et al. Identification of a phenotypically and functionally distinct population
of long-lived neutrophils in a model of reverse endothelial migration. J
Leukocyte Biol. (2006) 79:303-11. doi: 10.1189/jlb.0905496

76. Li Y, Zhang Y, Qiu F, Qiu Z. Proteomic identification of exosomal LRG1:
a potential urinary biomarker for detecting NSCLC. Electrophoresis (2011)
32:1976–83. doi: 10.1002/elps.201000598

77. Almand B, Clark JI, Nikitina E, van Beynen J, English NR, Knight SC,
et al. Increased production of immature myeloid cells in cancer patients: a
mechanism of immunosuppression in cancer. J Immunol. (2001) 166:678–89.
doi: 10.4049/jimmunol.166.1.678

78. Gabrilovich DI, Velders MP, Sotomayor EM, Kast WM. Mechanism of
immune dysfunction in cancer mediated by immature Gr-1+ myeloid cells.
J Immunol. (2001) 166:5398–406. doi: 10.4049/jimmunol.166.9.5398

79. Kusmartsev SA, Li Y, Chen SH. Gr-1+ myeloid cells derived from
tumor-bearing mice inhibit primary T cell activation induced
through CD3/CD28 costimulation. J Immunol. (2000) 165:779–85.
doi: 10.4049/jimmunol.165.2.779

80. Gabrilovich DI, Bronte V, Chen SH, Colombo MP, Ochoa A,
Ostrand-Rosenberg S, et al. The terminology issue for myeloid-
derived suppressor cells. Cancer Res. (2007) 67:425; author reply 6.
doi: 10.1158/0008-5472.CAN-06-3037

81. Leliefeld PHC, Pillay J, Vrisekoop N, Heeres M, Tak T, Kox M, et al.
Differential antibacterial control by neutrophil subsets. Blood Adv. (2018)
2:1344–55. doi: 10.1182/bloodadvances.2017015578

82. Hao S, Andersen M, Yu H. Detection of immune suppressive neutrophils in
peripheral blood samples of cancer patients.Am J Blood Res. (2013) 3:239–45.

83. Christoffersson G, Vågesjö E, Vandooren J, Lidén M, Massena S, Reinert
RB, et al. VEGF-A recruits a proangiogenic MMP-9–delivering neutrophil
subset that induces angiogenesis in transplanted hypoxic tissue. Blood (2012)
120:4653–62. doi: 10.1182/blood-2012-04-421040

84. Zijlstra A, Seandel M, Kupriyanova TA, Partridge JJ, Madsen MA, Hahn-
Dantona EA, et al. Proangiogenic role of neutrophil-like inflammatory
heterophils during neovascularization induced by growth factors and human
tumor cells. Blood (2006) 107:317–27. doi: 10.1182/blood-2005-04-1458

85. Sagiv JY, Voels S, Granot Z. Isolation and Characterization of Low- vs.
High-Density Neutrophils in Cancer.Methods Mol Biol. (2016) 1458:179–93.
doi: 10.1007/978-1-4939-3801-8_13

86. Herteman N, Vargas A, Lavoie JP. Characterization of circulating low-
density neutrophils intrinsic properties in healthy and asthmatic horses. Sci
Rep. (2017) 7:7743. doi: 10.1038/s41598-017-08089-5

87. Ssemaganda A, Kindinger L, Bergin P, Nielsen L, Mpendo J, Ssetaala A, et al.
Characterization of neutrophil subsets in healthy human pregnancies. PLoS
ONE (2014) 9:e85696. doi: 10.1371/journal.pone.0085696

88. Uhel F, Azzaoui I, Gregoire M, Pangault C, Dulong J, Tadie JM, et al.
Early expansion of circulating granulocytic myeloid-derived suppressor cells
predicts development of nosocomial infections in patients with sepsis. Am J

Respir Crit CareMed. (2017) 196:315–27. doi: 10.1164/rccm.201606-1143OC
89. Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM,

et al. Netting neutrophils induce endothelial damage, infiltrate tissues, and
expose immunostimulatory molecules in systemic lupus erythematosus. J
Immunol. (2011) 187:538–52. doi: 10.4049/jimmunol.1100450

90. Garcia-Romo GS, Caielli S, Vega B, Connolly J, Allantaz F, Xu Z, et al.
Netting neutrophils are major inducers of type I IFN production in
pediatric systemic lupus erythematosus. Sci Transl Med. (2011) 3:73ra20.
doi: 10.1126/scitranslmed.3001201

91. Kanamaru R, Ohzawa H, Miyato H, Matsumoto S, Haruta H, Kurashina K,
et al. Low density neutrophils (LDN) in postoperative abdominal cavity assist
the peritoneal recurrence through the production of neutrophil extracellular
traps (NETs). Sci Rep. (2018) 8:632. doi: 10.1038/s41598-017-19091-2

92. Condamine T, Dominguez GA, Youn JI, Kossenkov AV, Mony S, Alicea-
Torres K, et al. Lectin-type oxidized LDL receptor-1 distinguishes population
of human polymorphonuclear myeloid-derived suppressor cells in cancer
patients. Sci Immunol. (2016) 1:aaf8943. doi: 10.1126/sciimmunol.aaf8943

93. Deniset JF, Kubes P. Neutrophil heterogeneity: bona fide subsets
or polarization states? J Leukocyte Biol. (2018) 103:829–38.
doi: 10.1002/JLB.3RI0917-361R

94. Deng Y, Ye J, Luo Q, Huang Z, Peng Y, Xiong G, et al. Low-density
granulocytes are elevated in mycobacterial infection and associated
with the severity of tuberculosis. PLoS ONE (2016) 11:e0153567.
doi: 10.1371/journal.pone.0153567

95. Denny MF, Yalavarthi S, ZhaoW, Thacker SG, Anderson M, Sandy AR, et al.
A distinct subset of proinflammatory neutrophils isolated from patients with
systemic lupus erythematosus induces vascular damage and synthesizes type
I IFNs. J Immunol. (2010) 184:3284–97. doi: 10.4049/jimmunol.0902199

96. Sharma S, Davis RE, Srivastva S, Nylen S, Sundar S, Wilson ME. A subset of
neutrophils expressing markers of antigen-presenting cells in human visceral
leishmaniasis. J Infect Dis. (2016) 214:1531–8. doi: 10.1093/infdis/jiw394

97. Nicolas-Avila JA, Adrover JM, Hidalgo A. Neutrophils in
homeostasis, immunity, and cancer. Immunity (2017) 46:15–28.
doi: 10.1016/j.immuni.2016.12.012

98. Eruslanov EB. Phenotype and function of tumor-associated neutrophils
and their subsets in early-stage human lung cancer. Cancer Immunol

Immunother. (2017) 66:997–1006. doi: 10.1007/s00262-017-1976-0
99. Saha S, Biswas SK. Tumor-associated neutrophils show phenotypic and

functional divergence in human lung cancer. Cancer cell (2016) 30:11–3.
doi: 10.1016/j.ccell.2016.06.016

100. Sionov RV, Fridlender ZG, Granot Z. The multifaceted roles neutrophils
play in the tumormicroenvironment.CancerMicroenviron. (2015) 8:125–58.
doi: 10.1007/s12307-014-0147-5

Frontiers in Immunology | www.frontiersin.org 12 October 2018 | Volume 9 | Article 2171

https://doi.org/10.1007/s00281-012-0344-6
https://doi.org/10.1016/j.jaci.2013.09.035
https://doi.org/10.1371/journal.pone.0069575
https://doi.org/10.1073/pnas.1001269107
https://doi.org/10.3892/etm.2017.5662
https://doi.org/10.1189/jlb.0806514
https://doi.org/10.4049/jimmunol.1102540
https://doi.org/10.1182/blood-2017-03-768507
https://doi.org/10.1002/art.24442
https://doi.org/10.1097/01.ASN.0000028642.26222.00
https://doi.org/10.1136/gutjnl-2016-313535
https://doi.org/10.1073/pnas.0712386105
https://doi.org/10.1189/jlb.0905496
https://doi.org/10.1002/elps.201000598
https://doi.org/10.4049/jimmunol.166.1.678
https://doi.org/10.4049/jimmunol.166.9.5398
https://doi.org/10.4049/jimmunol.165.2.779
https://doi.org/10.1158/0008-5472.CAN-06-3037
https://doi.org/10.1182/bloodadvances.2017015578
https://doi.org/10.1182/blood-2012-04-421040
https://doi.org/10.1182/blood-2005-04-1458
https://doi.org/10.1007/978-1-4939-3801-8_13
https://doi.org/10.1038/s41598-017-08089-5
https://doi.org/10.1371/journal.pone.0085696
https://doi.org/10.1164/rccm.201606-1143OC
https://doi.org/10.4049/jimmunol.1100450
https://doi.org/10.1126/scitranslmed.3001201
https://doi.org/10.1038/s41598-017-19091-2
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1002/JLB.3RI0917-361R
https://doi.org/10.1371/journal.pone.0153567
https://doi.org/10.4049/jimmunol.0902199
https://doi.org/10.1093/infdis/jiw394
https://doi.org/10.1016/j.immuni.2016.12.012
https://doi.org/10.1007/s00262-017-1976-0
https://doi.org/10.1016/j.ccell.2016.06.016
https://doi.org/10.1007/s12307-014-0147-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mortaz et al. Neutrophils and Infection

101. Shaul ME, Levy L, Sun J, Mishalian I, Singhal S, Kapoor V, et al.
Tumor-associated neutrophils display a distinct N1 profile following
TGFbeta modulation: a transcriptomics analysis of pro- vs. antitumor
TANs. OncoImmunology (2016) 5:e1232221. doi: 10.1080/2162402X.2016.12
32221

102. Wu P, Wu D, Ni C, Ye J, Chen W, Hu G, et al. gammadeltaT17
cells promote the accumulation and expansion of myeloid-derived
suppressor cells in human colorectal cancer. Immunity (2014) 40:785–800.
doi: 10.1016/j.immuni.2014.03.013

103. Galdiero MR, Bianchi P, Grizzi F, Di Caro G, Basso G, Ponzetta A, et al.
Occurrence and significance of tumor-associated neutrophils in patients with
colorectal cancer. Int J Cancer (2016) 139:446–56. doi: 10.1002/ijc.30076

104. Al-Khafaji A. Multiple Organ Dysfunction Syndrome in Sepsis: Background,

Pathophysiology, Epidemiology (2017). Available at: http://emedicine.
medscape.com/article/169640-overview#a4 (Accessed June 4, 2017).

105. Hietbrink F, Koenderman L, Rijkers G, Leenen L. Trauma: the role
of the innate immune system. World J Emergency Sur. (2006) 1:15.
doi: 10.1186/1749-7922-1-15

106. Durham RM, Moran JJ, Mazuski JE, Shapiro MJ, Baue AE, Flint LM.
Multiple organ failure in trauma patients. J Trauma (2003) 55:608–16.
doi: 10.1097/01.TA.0000092378.10660.D1

107. Ward NS, Casserly B, Ayala A. The compensatory anti-inflammatory
response syndrome (CARS) in critically ill patients. Clin Chest Med. (2008)
29:617–25. doi: 10.1016/j.ccm.2008.06.010

108. Waydhas C, Nast-Kolb D, Jochum M, Trupka A, Lenk S, Fritz
H, et al. Inflammatory mediators, infection, sepsis, and multiple
organ failure after severe trauma. Arch Surg. (1992) 127:460–7.
doi: 10.1001/archsurg.1992.01420040106019

109. KeelM, Trentz O. Pathophysiology of polytrauma. Injury (2005) 36:691–709.
doi: 10.1016/j.injury.2004.12.037

110. Moore FA, Sauaia A,Moore EE, Haenel JB, Burch JM, Lezotte DC. Postinjury
multiple organ failure: a bimodal phenomenon. J Trauma (1996) 40:501–10;
discussion 10–2.

111. Hietbrink F, Koenderman L, Althuizen M, Leenen LP. Modulation of the
innate immune response after trauma visualised by a change in functional
PMN phenotype. Injury (2009) 40:851–5. doi: 10.1016/j.injury.2008.11.002

112. Swain SD, Rohn TT, Quinn MT. Neutrophil priming in host defense: role
of oxidants as priming agents. Antioxidants Redox Signal. (2002) 4:69–83.
doi: 10.1089/152308602753625870

113. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil
function: frommechanisms to disease. Ann Rev Immunol. (2012) 30:459–89.
doi: 10.1146/annurev-immunol-020711-074942

114. Zonneveld R, Martinelli R, Shapiro NI, Kuijpers TW, Plötz FB, Carman
CV. Soluble adhesion molecules as markers for sepsis and the potential
pathophysiological discrepancy in neonates, children and adults. Critical
Care (2014) 18:204. doi: 10.1186/cc13733

115. Paunel-Gorgulu A, Kirichevska T, Logters T, Windolf J, Flohe S. Molecular
mechanisms underlying delayed apoptosis in neutrophils from multiple
trauma patients with and without sepsis. Mol Med. (2012) 18:325–35.
doi: 10.2119/molmed.2011.00380

116. Hietbrink F, Koenderman L, Althuizen M, Pillay J, Kamp V, Leenen
LP. Kinetics of the innate immune response after trauma: implications
for the development of late onset sepsis. Shock (2013) 40:21–7.
doi: 10.1097/SHK.0b013e318295a40a

117. Bzowska M, Hamczyk M, Skalniak A, Guzik K. Rapid decrease of
CD16 (FcγRIII) expression on heat-shocked neutrophils and their
recognition by macrophages. BioMed Res Int. (2011) 2011:284759.
doi: 10.1155/2011/284759

118. Drifte G, Dunn-Siegrist I, Tissières P, Pugin J. Innate immune functions
of immature neutrophils in patients with sepsis and severe systemic
inflammatory response syndrome. Critical Care Med. (2013) 41:820–32.
doi: 10.1097/CCM.0b013e318274647d

119. Leliefeld PH, Wessels CM, Leenen LP, Koenderman L, Pillay J. The role of
neutrophils in immune dysfunction during severe inflammation. Crit Care
(2016) 20:73. doi: 10.1186/s13054-016-1250-4

120. Davis JM, Albert JD, Tracy KJ, Calvano SE, Lowry SF, Shires GT, et al.
Increased neutrophil mobilization and decreased chemotaxis during cortisol
and epinephrine infusions. J Trauma (1991) 31:725–31; discussion: 31–2.

121. Visser T, Pillay J, Pickkers P, Leenen LP, Koenderman L.
Homology in systemic neutrophil response induced by human
experimental endotoxemia and by trauma. Shock (2012) 37:145–51.
doi: 10.1097/SHK.0b013e31823f14a4

122. Pillay J, Ramakers BP, Kamp VM, Loi AL, Lam SW, Hietbrink F, et al.
Functional heterogeneity and differential priming of circulating neutrophils
in human experimental endotoxemia. J Leukocyte Biol. (2010) 88:211–20.
doi: 10.1189/jlb.1209793

123. Pillay J, KampVM, vanHoffen E, Visser T, Tak T, Lammers JW, et al. A subset
of neutrophils in human systemic inflammation inhibits T cell responses
through Mac-1. J Clin Invest. (2012) 122:327–36. doi: 10.1172/JCI57990

124. Kamp VM, Pillay J, Lammers JW, Pickkers P, Ulfman LH, Koenderman L.
Human suppressive neutrophils CD16bright/CD62Ldim exhibit decreased
adhesion. J Leukocyte Biol. (2012) 92:1011–20. doi: 10.1189/jlb.0612273

125. Loi ALT, Hoonhorst S, van Aalst C, Langereis J, Kamp V, Sluis-Eising S,
et al. Proteomic profiling of peripheral blood neutrophils identifies two
inflammatory phenotypes in stable COPD patients. Respir Res. (2017) 18:100.
doi: 10.1186/s12931-017-0586-x

126. Pham CT. Neutrophil serine proteases fine-tune the inflammatory response.
Int J Biochem Cell Biol. (2008) 40:1317–33. doi: 10.1016/j.biocel.2007.11.008

127. Quaid GA, Cave C, Robinson C,WilliamsMA, Solomkin JS. Preferential loss
of CXCR-2 receptor expression and function in patients who have undergone
trauma. Arch Surg. (1999) 134:1367–71; discussion: 71–2.

128. Cummings CJ, Martin TR, Frevert CW, Quan JM, Wong VA, Mongovin
SM, et al. Expression and function of the chemokine receptors CXCR1 and
CXCR2 in sepsis. J Immunol. (1999) 162:2341–6.

129. TarloweMH,DuffyA, KannanKB, Itagaki K, Lavery RF, LivingstonDH, et al.
Prospective study of neutrophil chemokine responses in trauma patients
at risk for pneumonia. Am J Respir Crit Care Med. (2005) 171:753–9.
doi: 10.1164/rccm.200307-917OC

130. Sadallah S, Hess C, Miot S, Spertini O, Lutz H, Schifferli
JA. Elastase and metalloproteinase activities regulate soluble
complement receptor 1 release. Eur J Immunol. (1999) 29:3754–61.
doi: 10.1002/(SICI)1521-4141(199911)29:11<3754::AID-IMMU3754>3.0.CO;2-5

131. van den Berg CW, Tambourgi DV, Clark HW, Hoong SJ, Spiller OB, McGreal
EP. Mechanism of neutrophil dysfunction: neutrophil serine proteases
cleave and inactivate the C5a receptor. J Immunol. (2014) 192:1787–95.
doi: 10.4049/jimmunol.1301920

132. Le-Barillec K, Si-Tahar M, Balloy V, Chignard M. Proteolysis of monocyte
CD14 by human leukocyte elastase inhibits lipopolysaccharide-mediated cell
activation. J Clin Invest. (1999) 103:1039–46. doi: 10.1172/JCI5779

133. Bank U, Reinhold D, Schneemilch C, Kunz D, Synowitz HJ, Ansorge
S. Selective proteolytic cleavage of IL-2 receptor and IL-6 receptor
ligand binding chains by neutrophil-derived serine proteases at
foci of inflammation. J Interferon cytokine Res. (1999) 19:1277–87.
doi: 10.1089/107999099312957

134. Sharma SK, Naidu G. The role of danger-associated molecular patterns
(DAMPs) in trauma and infections. J Thoracic Dis. (2016) 8:1406–9.
doi: 10.21037/jtd.2016.05.22

135. Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. PAMPs and DAMPs: signal
0s that spur autophagy and immunity. Immunol Rev. (2012) 249:158–75.
doi: 10.1111/j.1600-065X.2012.01146.x

136. Forsman H, Onnheim K, Andreasson E, Christenson K, Karlsson A,
Bylund J, et al. Reactivation of desensitized formyl peptide receptors by
platelet activating factor: a novel receptor cross talk mechanism regulating
neutrophil superoxide anion production. PLoS ONE (2013) 8:e60169.
doi: 10.1371/journal.pone.0060169

137. Ter Haar NM, Tak T, Mokry M, Scholman RC, Meerding JM, de Jager
W, et al. Reversal of sepsis-like features of neutrophils by interleukin-
1 blockade in patients with systemic-onset juvenile idiopathic arthritis.
Arthritis Rheumatol. (2018) 70:943–56. doi: 10.1002/art.40442

138. Fortunati E, Kazemier KM, Grutters JC, Koenderman L, Van den Bosch
vJ. Human neutrophils switch to an activated phenotype after homing to
the lung irrespective of inflammatory disease. Clin Exp Immunol. (2009)
155:559–66. doi: 10.1111/j.1365-2249.2008.03791.x

139. Arens C, Bajwa SA, Koch C, Siegler BH, Schneck E, Hecker A, et al. Sepsis-
induced long-term immune paralysis–results of a descriptive, explorative
study. Crit Care (2016) 20:93. doi: 10.1186/s13054-016-1233-5

Frontiers in Immunology | www.frontiersin.org 13 October 2018 | Volume 9 | Article 2171

https://doi.org/10.1080/2162402X.2016.1232221
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1002/ijc.30076
http://emedicine.medscape.com/article/169640-overview#a4
http://emedicine.medscape.com/article/169640-overview#a4
https://doi.org/10.1186/1749-7922-1-15
https://doi.org/10.1097/01.TA.0000092378.10660.D1
https://doi.org/10.1016/j.ccm.2008.06.010
https://doi.org/10.1001/archsurg.1992.01420040106019
https://doi.org/10.1016/j.injury.2004.12.037
https://doi.org/10.1016/j.injury.2008.11.002
https://doi.org/10.1089/152308602753625870
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1186/cc13733
https://doi.org/10.2119/molmed.2011.00380
https://doi.org/10.1097/SHK.0b013e318295a40a
https://doi.org/10.1155/2011/284759
https://doi.org/10.1097/CCM.0b013e318274647d
https://doi.org/10.1186/s13054-016-1250-4
https://doi.org/10.1097/SHK.0b013e31823f14a4
https://doi.org/10.1189/jlb.1209793
https://doi.org/10.1172/JCI57990
https://doi.org/10.1189/jlb.0612273
https://doi.org/10.1186/s12931-017-0586-x
https://doi.org/10.1016/j.biocel.2007.11.008
https://doi.org/10.1164/rccm.200307-917OC
https://doi.org/10.1002/(SICI)1521-4141(199911)29:11$<$3754::AID-IMMU3754$>$3.0.CO;2-5
https://doi.org/10.4049/jimmunol.1301920
https://doi.org/10.1172/JCI5779
https://doi.org/10.1089/107999099312957
https://doi.org/10.21037/jtd.2016.05.22
https://doi.org/10.1111/j.1600-065X.2012.01146.x
https://doi.org/10.1371/journal.pone.0060169
https://doi.org/10.1002/art.40442
https://doi.org/10.1111/j.1365-2249.2008.03791.x
https://doi.org/10.1186/s13054-016-1233-5
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Mortaz et al. Neutrophils and Infection

140. Hor JL, Heath WR, Mueller SN. Neutrophils are dispensable in the
modulation of T cell immunity against cutaneous HSV-1 infection. Sci Rep.
(2017) 7:41091. doi: 10.1038/srep41091

141. Roghanian A, Drost EM, MacNeeW, Howie SE, Sallenave JM. Inflammatory
lung secretions inhibit dendritic cell maturation and function via
neutrophil elastase. Am J Respir Crit Care Med. (2006) 174:1189–98.
doi: 10.1164/rccm.200605-632OC

142. Filardy AA, Pires DR, Nunes MP, Takiya CM, Freire-de-Lima CG, Ribeiro-
Gomes FL, et al. Proinflammatory clearance of apoptotic neutrophils induces
an IL-12(low)IL-10(high) regulatory phenotype in macrophages. J Immunol.
(2010) 185:2044–50. doi: 10.4049/jimmunol.1000017

143. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming
of age. Nat Immunol. (2018) 19:108–19. doi: 10.1038/s41590-017-0022-x

144. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol. (2009) 9:162–72.
doi: 10.1038/nri2506

145. Rodriguez PC, Quiceno DG, Ochoa AC. L-arginine availability regulates
T-lymphocyte cell-cycle progression. Blood (2007) 109:1568–73.
doi: 10.1182/blood-2006-06-031856

146. Darcy CJ, Minigo G, Piera KA, Davis JS, McNeil YR, Chen
Y, et al. Neutrophils with myeloid derived suppressor function
deplete arginine and constrain T cell function in septic
shock patients. Crit Care (2014) 18:R163. doi: 10.1186/cc
14003

147. Marini O, Costa S, Bevilacqua D, Calzetti F, Tamassia N, Spina C, et al.
Mature CD10(+) and immature CD10(-) neutrophils present in G-CSF-
treated donors display opposite effects on T cells. Blood (2017) 129:1343–56.
doi: 10.1182/blood-2016-04-713206

148. de Kleijn S, Langereis JD, Leentjens J, Kox M, Netea MG, Koenderman
L, et al. IFN-gamma-stimulated neutrophils suppress lymphocyte
proliferation through expression of PD-L1. PLoS ONE (2013) 8:e72249.
doi: 10.1371/journal.pone.0072249

149. Brahmamdam P, Inoue S, Unsinger J, Chang KC, McDunn JE, Hotchkiss RS.
Delayed administration of anti-PD-1 antibody reverses immune dysfunction
and improves survival during sepsis. J Leukocyte Biol. (2010) 88:233–40.
doi: 10.1189/jlb.0110037

150. Wojtal KA, Rogler G, Scharl M, Biedermann L, Frei P, Fried M, et al. Fc
gamma receptor CD64 modulates the inhibitory activity of infliximab. PLoS
ONE (2012) 7:e43361. doi: 10.1371/journal.pone.0043361

151. Millrud CR, Kågedal Å, Kumlien Georén S, Winqvist O, Uddman R, Razavi
R, et al. NET-producing CD16high CD62Ldim neutrophils migrate to tumor
sites and predict improved survival in patients with HNSCC. Int J Cancer
(2017) 140:2557–67. doi: 10.1002/ijc.30671

152. Schiff DE, Rae J, Martin TR, Davis BH, Curnutte JT. Increased phagocyte
Fc gammaRI expression and improved Fc gamma-receptor-mediated
phagocytosis after in vivo recombinant human interferon-gamma treatment
of normal human subjects. Blood (1997) 90:3187–94.

153. Barth E, Fischer G, Schneider EM, Wollmeyer J, Georgieff M, Weiss M.
Differences in the expression of CD64 and mCD14 on polymorphonuclear
cells and on monocytes in patients with septic shock. Cytokine (2001)
14:299–302. doi: 10.1006/cyto.2001.0880

154. McDonald MK, Capasso KE, Ajit SK. Purification and
microRNA profiling of exosomes derived from blood and
culture media. J Visual Exp. (2013) 76:e50294. doi: 10.3791/
50294

155. Davis BH. Improved diagnostic approaches to infection/sepsis detection.
Expert Rev Mol Diagnost. (2005) 5:193–207. doi: 10.1586/14737159.5.2.193

156. Hoffmann JJ. Neutrophil CD64 as a sepsis biomarker. Bioch Med. (Zagreb)

(2011) 21:282–90.
157. Hoffmann JJ. Neutrophil CD64: a diagnostic marker for infection and sepsis.

Clin Chem Laborat Med. (2009) 47:903–16. doi: 10.1515/CCLM.2009.224
158. Shi J, Tang J, Chen D. Meta-analysis of diagnostic accuracy of

neutrophil CD64 for neonatal sepsis. Ital J Pediatr. (2016) 42:57.
doi: 10.1186/s13052-016-0268-1

159. Ng PC, Li G, Chui KM, Chu WC, Li K, Wong RP, et al. Neutrophil CD64 is
a sensitive diagnostic marker for early-onset neonatal infection. Pediatr Res.
(2004) 56:796–803. doi: 10.1203/01.PDR.0000142586.47798.5E

160. Schmitz V, da Silva Prata RB, de Mattos Barbosa MG, Mendes MA, Brandão
SS, Amadeu TP, et al. Expression of CD64 on circulating neutrophils favoring
systemic inflammatory status in erythema nodosum leprosum. PLoS Neglect
Trop Dis. (2016) 10:e0004955. doi: 10.1371/journal.pntd.0004955

161. Sivalingam Z, Larsen SB, Grove EL, Hvas AM, Kristensen SD,
Magnusson NE. Neutrophil gelatinase-associated lipocalin as a risk
marker in cardiovascular disease. Clin Chem Lab Med. (2017) 56:5–18.
doi: 10.1515/cclm-2017-0120

162. Reeves EP, Bergin DA, Fitzgerald S, Hayes E, Keenan J, Henry M, et al.
A novel neutrophil derived inflammatory biomarker of pulmonary
exacerbation in cystic fibrosis. J Cystic Fibrosis (2012) 11:100–7.
doi: 10.1016/j.jcf.2011.09.010

163. Carlson M, Raab Y, Sevéus L, Xu S, Hällgren R, Venge P. Human neutrophil
lipocalin is a unique marker of neutrophil inflammation in ulcerative colitis
and proctitis. Gut (2002) 50:501–6.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Mortaz, Alipoor, Adcock, Mumby and Koenderman. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 14 October 2018 | Volume 9 | Article 2171

https://doi.org/10.1038/srep41091
https://doi.org/10.1164/rccm.200605-632OC
https://doi.org/10.4049/jimmunol.1000017
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.1038/nri2506
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1186/cc14003
https://doi.org/10.1182/blood-2016-04-713206
https://doi.org/10.1371/journal.pone.0072249
https://doi.org/10.1189/jlb.0110037
https://doi.org/10.1371/journal.pone.0043361
https://doi.org/10.1002/ijc.30671
https://doi.org/10.1006/cyto.2001.0880
https://doi.org/10.3791/50294
https://doi.org/10.1586/14737159.5.2.193
https://doi.org/10.1515/CCLM.2009.224
https://doi.org/10.1186/s13052-016-0268-1
https://doi.org/10.1203/01.PDR.0000142586.47798.5E
https://doi.org/10.1371/journal.pntd.0004955
https://doi.org/10.1515/cclm-2017-0120
https://doi.org/10.1016/j.jcf.2011.09.010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Update on Neutrophil Function in Severe Inflammation
	Introduction
	Definition, Properties, and Life Cycle of Neutrophils
	Neutrophil Life Cycle
	Neutrophil Access to Inflammatory Sites
	Extracellular Matrix Proteins and Neutrophils Activation
	Neutrophil Extracellular Traps (NETosis)

	Neutrophil Phenotypes and Heterogeneity
	Olfactomedin 4 (OLFM4) Positive Cells
	CD177 (NB1) Expressing Neutrophils
	CD63+ Neutrophils
	ICAM-1-Expressing Neutrophils
	CD16brightCD62Ldim Population and Immune Suppressive Neutrophils
	Pro-angiogenic Neutrophils
	Low Density Neutrophils (LDNs)
	Tumor Associated Neutrophils (TANs)

	The Importance of Neutrophils in Inflammatory Complications Found After Trauma
	Neutrophil Phenotypes After Trauma
	The Role of Neutrophils in Immune Dysfunction After Trauma and Inflammation
	Cleavage of Essential Cell Surface Receptors
	Desensitization of Immune Receptors
	Regulation of Neutrophil Numbers
	Modulation of the Adaptive Immune Response


	The application of neutrophils as biomarkers in infectious diseases
	Conclusion
	Author Contributions
	Funding
	References


