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a b s t r a c t

Sepsis remains one of the leading causes of death globally, in spite of advanced developments in
intensive care and better understandings of pathophysiology related to sepsis. There is no special
treatment or drug available for sepsis, currently. Under normal circumstances, neutrophil is a major
player in acute infection control. However, during sepsis, the migration abilities and antimicrobial
functions of neutrophils are impaired, resulting in a dysregulated immune response. Recent studies have
indeed demonstrated that blocking or reversing neutrophil migration and impaired antibacterial func-
tion can improve the outcomes in septic animal models. This article systemically synthesized information
regarding related factors and signaling involved in the functions of neutrophils in sepsis. This review also
discussed the possibility that neutrophils be used as a marker for specific diagnosis and/or prediction of
the outcomes of sepsis.

© 2022 Chinese Medical Association. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Sepsis is often fatal with the mortality rate reaching as high as
30%e50%. In the United States, sepsis affects 1.7 million adult pa-
tients, and more than 250,000 deaths every year.1 Worldwide,
sepsis is believed to affect 30 million people and cause 6 million
deaths each year.2 Up to date, the existing epidemiologic studies
suggest that sepsis remains a huge economic and health care
burden across the world.

Sepsis is an uncontrolled response of the host to infected
pathogens, accompanied by the life-threatening dysfunctions of
one or more organs.3 In general, the occurrence mechanism of
sepsis is complicated. Sepsis is a series of diseases caused by innate
and adaptive immune response, with a prominent feature of acti-
vation of immune cells and release of various cytokines, including
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pro-inflammatory and anti-inflammatory factors. Cytokine storm is
one of the important reasons why sepsis is difficult to control and
the mortality remains high. Recently great progress has been made
in our comprehension of the processes that trigger the production
of magnanimous cell factors, but it is a pity that these findings have
not been converted into serviceable treatment.4 A predominantly
hyperinflammatory state caused by actions of pathogens on cells
exists during the initial stage. The hyperinflammatory state is fol-
lowed by a statute of immune hypo-responsivity in the later stage
of sepsis. Therefore, fully understanding of the pathological
mechanism of sepsis provides a better approach to diagnose and
prevent sepsis.

Neutrophils account for 50%e70% of the total circulating white
blood cells of human beings, which are a key member of the innate
arm of immune system. Neutrophils have a hand in the initiation,
spread, as well as regression of inflammation. Patients with
congenital neutropenia are more sensitive to infection, and thus
neutrophils are essential to fully protect against microbes in our
environment.5 The three main mechanisms of neutrophil function
have been proved to be changed: migration, phagocytosis and
apoptosis. In addition, the delivery of neutrophil extracellular traps
(NETs) is an important weapon for neutrophils to play their anti-
bacterial role in sepsis. DNA, which carries histones and particles in
the nucleus, is released into the extracellular space to capture and
remove the germs. However, the accurate role of NETs in sepsis
remains unknown. Studies on sepsis mouse models have shown
that mosquito NETs cannot be generated to deal with infection,
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leading to more serious insult and death. A growing body of evi-
dence indicates that neutrophils play an integral role in the
modulating of inflammatory response.

In the inception phase of infection, a series of events is ignited
after the invasion of microorganisms. Neutrophils play a critical
role in coordinating host defenses against infection. Emerging ev-
idence suggests that neutrophils are a kind of critical cellular
component that induces the innate immune response. Moreover,
neutrophils have a more important effect on the site of infection
through neutrophil migration.6 Neutrophils are the fastest cell type
that migrates to infectious sites, where they kill infectious agents
by releasing reactive oxygen and nitrogen species. However, some
evidence indicates that the neutrophil response may be incompe-
tent to control sepsis.5 Bacteria or bacterial components induce
disseminated activation of toll-like receptors (TLR), including TLR-
2, TLR-4, and TLR-9. The activation of TLRs mediates exaggerated
release of cytokines and chemokines into the circulation.7 These
mechanisms result in inflammatory responses and changes in
neutrophil function during sepsis. In spite of the mechanisms of
impaired migration of neutrophils in sepsis that have been well
studied, developing a comprehensive and incisive understanding of
this pathophysiological change is a formidable and resource-
consuming task.

In this review, we discuss the chemotactic functions of neutro-
phils in sepsis and summarize mechanisms and results of these
cellular and molecular dialogues, with the hope to provide a new
therapeutic strategy for sepsis.

Neutrophil dysfunction in sepsis

Sepsis, which is an excessive host response caused by the
invading microorganism,8 affects various organs as well as systems
including the circulation, immune, coagulation, and/or neuroen-
docrine system. Neutrophils are the host's first line of defense
against infection. The most important roles of neutrophils include
migration, phagocytosis, and release of cytotoxic agents. Dysfunc-
tions of neutrophils in the infected sites have been well reported
previously.9 Neutrophils originate from bone marrow, then leave
the blood, recruit and migrate to inflammatory sites in the blood,
and are finally cleared. However, during sepsis, these life processes
undergo uncontrollable changes. The functions of neutrophils were
changed in varying degrees during sepsis, including chemotactic
ability, microbicidal efficacy (degranulation, reactive oxygen spe-
cies, ROS, NETs). In the early stage of sepsis, mature neutrophils in
bone marrow can migrate rapidly, and the number can increase 10
times in several hours compared with normal conditions. In addi-
tion, this neutrophil dysfunction is accompanied by abnormal
accumulation of neutrophils, impaired recruitment of neutrophils
to the infected foci, and impaired migration of neutrophils. In pa-
tients with sepsis, delayed apoptosis of neutrophils may lead to
related tissue damage and multiple organ dysfunction syndrome.
This variation has two sides: one conduces to combat against the
damage induced by inflammation and the other facilitates the
development of subsequent complications related to sepsis.10

Infection is a troubling circumstance that leads to self-
protection of the host. Neutrophils, as the earliest defenders
against bacterial and fungal pathogens, are recruited to infected
sites. The leukocyte recruitment process includes several steps:
tether, rolling, adhesion, crawling, and finally reincarnation. This
process is a continuous, multi-step and methodical adhesion
cascade, in which various membrane molecules interact to each
other. The abnormal accumulation of neutrophils, the damage of
neutrophils to the infected foci, and the malfunction of neutrophil
migration are related to poorly-regulated immune responses.
Vascular endothelial cells and platelets are the main targets of
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inflammatory mediators and activated neutrophils, and other im-
mune cells. In sepsis, endothelial cells interact with a large number
of inflammatory mediators and coagulation factors of innate im-
munity and coagulation system. During septic shock, the barrier
function of endothelial surface is almost uniformly damaged, which
may lead to adverse consequences. Inflammation and coagulation
are inseparable and an important part of the pathophysiology of
sepsis. Platelet is the key component of thrombosis, and throm-
bocytopenia is a common complication in patients with sepsis and
disseminated intravascular coagulation. Thrombocytopenia has
been considered as a prognostic marker for mortality and incidence
rate. Studies have shown that during sepsis, platelet mediated
neutrophil recruitment to the vascular lumen. Platelet activating
factor is produced by a variety of cells, especially those involved in
host defense, such as neutrophils, monocytes and endothelial cells.
Vascular endothelial cells, platelets and neutrophils are important
components of the immune system and coagulation system. In
sepsis, the immune system and coagulation system are disordered.
At present, how they interact is not clear. Evidence indicates that
neutrophil chemotaxis activity has the potential to be a prospective
novel immunologic biomarker in predicting the clinical outcome in
patients affected with severe sepsis and upregulation of cytokines,
chemokines, and nitric oxide (NO), as neutrophil chemotaxis is a
critical event that might result in dysfunction in neutrophil
migration to the infection site observed in lethal microbial sepsis.11

Prolonged lifespan of circulating neutrophils in patients with
sepsis

Normally, neutrophils in the circulation have a short survival
time, but their lifespan increases during sepsis. Expression of the
anti-apoptotic protein Mcl-1, which inhibits neutrophil apoptosis,
is elevated in neutrophils collected from patients affected by severe
sepsis.12 Cherla et al.13 showed that nonmuscle myosin II inhibits
neutrophil apoptosis by blocking caspase-3 cleavage and activating
the mitogen-activated protein kinase (MAPK) survival pathway,
which increases the expression of Mcl-1. Phoomvuthisarn et al.14

found that purvalanol A, a cyclin-dependent kinase-2 (CDK-2) in-
hibitor, mediates a prompt and extended promotion of human
neutrophils apoptosis, which restrains the functions of the anti-
apoptotic protein (granulocyte-macrophage colony stimulating
factor) via increasing the turn round rate of Mcl-1. This effect of
purvalanol A is dependent on the activation of p38-MAPK, as
blocking of p38-MAPK signaling partly reverses the inhibitory ef-
fects of the CDK-2 on neutrophil apoptosis.12 These data unravel the
regulation of CDK-2 in Mcl-1 expression.

During sepsis, proinflammatory cytokines, such as tumor ne-
crosis factor (TNF)-a, interleukin (IL)-1b, IL-6, and IL-17, as well as
bacterial products, increase the expression of granulocyte colony-
stimulating factor (G-CSF). G-CSF induces the generation of
immature and mature neutrophils.15 Recently, some newly
discovered important chemokines are also involved in this process,
which is mainly related to the retention of neutrophils in bone
marrow. In addition, granulocyte colony stimulating factor indi-
rectly mobilizes neutrophils by changing the balance between
stromal cell-derived factor-1 and C-X-C chemokine receptor (CXCR)
2 ligands in bone marrow, triggering the release of neutrophils into
the circulation. Decreased expression of CXC chemokine ligand
(CXCL)12 is seen in sepsis whereas CXCL1 is increased, the latter of
which drives the release of neutrophils from the bone marrow into
the blood.16 The migration process of neutrophil is composed of
mobilization and release of neutrophils from the bone marrow,
edge and scroll, stick, and loop.17 All of the four distinct phases,
more or less, are impaired during sepsis. Margaria et al.18 demon-
strated that the prognosis of experimental sepsis is associated with
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the degree of neutrophil migration disorder. Molecular patterns
produced by bacteria can activate TLR, which is expressed on the
surface of neutrophils to up-regulate the expression of G protein-
coupled receptor kinase (GRK)2. Elevated GRK2 results in desen-
sitization of CXCR2 expressed by neutrophils. The effects of GRK2
on CXCR2 expression can be reversed by IL-33, which drives
neutrophil migration to the infected site. In addition, activation of
TLRs can increase CC chemokine receptor (CCR)2 expressed by
neutrophils, facilitating neutrophil recruitment to distal sites.19

Impairment of neutrophil transmigration

During sepsis, bacterial components and pro-inflammatory cy-
tokines promote the shedding of L-selectin and increase the
expression of b-integrins by neutrophils. Intercellular adhesion
molecule-1 together with vascular cell adhesion molecule-1 me-
diates high-affinity adhesion between the endothelium and neu-
trophils.20 The failure of neutrophil migration seems to be due to
the decrease of rolling and adhesion between neutrophils and
endothelial cells. Neutrophil migration dysfunctions seem to be
caused by TNF-a and IL-8, which induce the production of NO.
Intravenous injection of these cytokines can reduce neutrophil
migration mediated by various stimuli. At the same time, the
concentrations of serum cytokines and chemokines are signifi-
cantly elevated in severe sepsis, indicating the roles of these factors
in neutrophil migration dysfunctions. Failure of neutrophil migra-
tion is TLR4-dependent, because TLR4 deficient mice do not show
this phenomenon. In addition, circulating neutrophils from sepsis
patients fail to response to formyl-methionyl-leucyl-phenylalanine
(fMLP), IL-8, and leukotriene B4 (LTB4), when elevated serum nitric
oxide synthase (NOS) and cytokine concentrations is evident. In
addition, failure of neutrophil migration or reduction in rolling and
adhesion were not observed in inducible nitric oxide synthase
(iNOS)�/� mice, which could be prevented by aminoguanidine.21

In the early stages of sepsis, mature neutrophils in the bone
marrow can be excreted quickly, increasing the number in the
blood by 10 folds compared to normal in a few hours.22 Release of
neutrophils from the bone marrow to the infection site has tradi-
tionally been regarded as the downstream events of increased
chemokines, including leukotriene B4, C5a, IL-8, and bacterial
components.23 CXCL-12, a newly discovered key chemokine that
retains neutrophils in bone marrow, also participates in this pro-
cess.24 Granulocyte colony-stimulating factor (G-CSF) indirectly
mobilizes neutrophil by altering the balance between bonemarrow
stromal cell-derived factor (SDF)-1 and ligands of CXCR2, triggering
release of neutrophils into the circulation.25 It has been well
documented that neutrophil could migrate to the infected sites and
arouse the first wave of host defence against infection or tissue
damage (Fig. 1). However, dysfunction of neutrophil migration is
directly correlated to mortality in those affected by severe sepsis.26

Mounting evidence suggests that neutrophils are critical during
their migration to the infection sites.27

Sepsis-induced impairment of neutrophil chemotaxis

Chemotaxis is defined as the tendency of cells to migrate toward
the gradient direction of chemotactic stimulation, or away from a
chemorepellent.28 The ability to fully sense chemotactic gradients
is one of the most important features that neutrophils acquire to
executive their immune functions.29 Chemotaxis is essential for the
embryonic development. In embryonic development, chemotaxis
boosts morphogenetic diversification via sensing the gradient of
growth factors, which results in orienteering coordinated cell
migration, for instance, the migration of neural crest cells.30 Neu-
trophils are very sensitive to stimuli, and can mobilize quickly and
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effectively to inflammatory areas within a few minutes. This pro-
cess is called neutrophil chemotaxis. Studies have shown that
chemotactic impairment is related to a spectrum of diseases with
increased risk of infection, including diabetes, influenza, cyto-
megalovirus, human immunodeficiency virus, and impaludism.31

In sepsis, the chemotaxis of neutrophils is impaired through
various pathologic mechanisms.32 Increased levels of chemokines
are detected at the site of infection in severe sepsis. However, ev-
idence from experimental animals and individuals with severe
sepsis indicates that neutrophil migration to the site of infection is
inadequate compared to normal individuals. Neutrophil reverse
migration is a special phenomenon in neutrophil migration. It de-
scribes the migration of neutrophils from inflammatory sites to
vascular system after initial infiltration. The functional role of
polymorphonuclear neutrophil (PMN) reverse migration in the
inflammatory scene is unclear and needs to be further explored.
Current evidence shows that PMN reversemigration can be either a
protective response by promoting the effective solution of innate
immune response or a tissue injury event in different environ-
ments. There has been a number of studies focusing on the
mechanisms underlying the inability of neutrophils to migrate to
infectious sites. Receptors on neutrophils recognize pathogenic
molecular patterns and inflammatory environments, which leads
to the activation of neutrophils.33 Hence, fully understanding
expression and regulation of receptors on neutrophils and signal
path to neutrophil chemotaxis may pave a way for prevention and
early diagnosis of sepsis (Table 1).

CXCRs are members of the seven transmembrane domain che-
mokine receptor family. Neutrophils collected from mice and pa-
tients with severe sepsis express fewer CXCR2. Neutrophils
collected from individuals with sepsis show attenuated chemotaxis
towards fMLP, leukotriene B4 or IL-8.34 CXCR2 is restored slowly
after sepsis-induced receptor internalization, which results in
decreased CXCR2 expression on the neutrophils in septic in-
dividuals and mice, leading to inadequate chemotaxis.35 The acti-
vation of TLRs-2, 4 and 935 as well as the upregulation of NO36 and
TNF-a results in the induction of the expression of GRK2 and result
in the subsequently desensitization and internalization of CXCR2.37

Binding between complement factor 5a (C5a) and C5a receptor
(C5aR) is critical in migration of neutrophils during sepsis. How-
ever, the chemotactic responsiveness of neutrophils to C5a is
dysfunctional during sepsis.38 C5aR expressed on neutrophils rea-
ches the peak at the first 24 h after sepsis initiation and gradually
decline. Previous studies have shown that neutrophil chemotaxis
and the innate immune reactions are suppressed during the later
phases in sepsis by blocking extracellular signal-regulated kinase 1/
2 signaling via C5a and its receptor (C5aR, C5L2). The levels of many
factors involved in the cytokine storm are remarkably reduced up
to 80% after cecal ligation and puncture (CLP) in C5aR�/�and
C5L2�/�mice. More importantly, the survival is significantly
improved in both C5aR�/� and C5L2�/�mice with severe or mild
sepsis.39

NO and its producer iNOS are also important in neutrophil
migration disorders. Integrin, selectin and cellular adhesion
molecule-1 can be inhibited by iNOS.40 Heme oxygenase-1, which
can be reduced by NO as well, dampens neutrophil rolling and
adhesion.41 In addition, elevated levels of carbon monoxide and
bilirubin in the circulation and exhaled breath of patients with
sepsis also suggest that heme oxygenase-1 pathway might have a
role in this pathological process. Researchers investigated the effect
of phosphatidylinositol-3-kinase (PI3K) in regulating the migration
of neutrophils in sepsis, which are thought to be related to the
dimerization of iNOS.42 Studies show that CXCR2 expression is
increased while GRK2 expression is reduced in PI3Kc�/�micewith
sepsis, which often brings a higher survival rates.43 In addition,



Fig. 1. Roles of CXCR2 in neutrophil migration into the infectious sites. Neutrophils have impaired migration functions in sepsis. TLRs on neutrophils are activated by molecular
patterns, which causes increased expression of GRK2, leading to desensitization and internalization of CXCR2. On the contrary, application of IL-33 inhibits the influence of GRK2,
accelerating neutrophil migration to infection sites, Moreover, TLRs activation increases CCR2 expressed on neutrophils driving them migrate to distant sites.
CXCR2: C-X-C chemokine receptor 2; TLRs: toll like receptors; GRK2: G-protein-coupled receptor kinase 2; IL-33: interleukin-33; CCR2: CC chemokine receptors.

Table 1
Common neutrophil chemoattractants and their receptors.

Receptor Chemoattractant Function

Chemokine receptors
CXCR2 CXCL1 Neutrophil recruitment and activation
CXCR2 CXCL2 Neutrophil trafficking
CXCR1 CXCL8 Neutrophil recruitment to sites of inflammation
CXCR4 CXCL12 Bone marrow homing
Chemoattractant receptors
BLT1 LTB4 (leukotriene B4) Neutrophil recruitment and swarming
FPR1 (also known as fMLPR), FPR2 Bacterial and mitochondrial formylated peptides, e.g.

fMLF
Neutrophil recruitment

C5aR C5a Neutrophil recruitment (e.g. in autoantibody induced disease)
C3aR C3a Inhibitor of neutrophil mobilization

Atypical chemokine receptors
ACKR1 (formerly Duffy antigen
receptor)

Chemokine transcytosis; Haematopoiesis and neutrophil blood
counts

ACKR2 (formerly D6) Inflammatoy CC chemokines Decoy/scavenger receptor

CXCRs: C-X-C chemokine receptors; CXCLs: C-X-C chemokine ligands; ACKRS: atypical chemokine receptors; BLTs: Leukotriene B4 receptors; LTB1: leukotriene B1; C5aR:
complement factor 5a receptors; C5a: complement factor 5a; C3aR: complement factor 3a receptors; C3a: complement factor 3a; fMLP: formyl-methionyl-leucyl-
phenylalanine; FPRs: formyl-peptide receptors.
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in vitro neutrophils without PI3Kc expression cultured with CXCL2
show downregulated internalization levels of CXCR2,43 indicating
PI3K is a negative regulator of CXCR2 internalization.

Selectins are adhesion receptors on the neutrophil surface,
which participate in the adhesion during migration of neutro-
phils.44 P-selectin glycoprotein ligand-1, endothelial surface layer,
and CD44 have different contributions in complete identification of
E-selectin ligand on neutrophils, which all participate in selectin-
mediated neutrophil adhesion and signal transduction. It has
been indicated that selectin ligand CD44 produced on neutrophils
induces slow rolling in vivo, as well as neutrophil extravasation to
inflamed sites together with P-selectin glycoprotein ligand-1.45 A
number of studies have demonstrated that the interaction between
a selectin and its ligand mediates many intracellular signaling
pathways, such as tyrosine phosphorylation and P38 MAPK
320
activation, which are necessary for neutrophil migration. Therefore,
the interaction between selectins and neutrophil chemotaxis war-
rants future studies.9

IL-33 binding to its heterodimer receptor complex signal
transducer 2 inhibits TLR4-medicated internalization of CXCR2 via
suppressing GRK2, which enhances the recruitment of neutrophils
to the infection sites.46 Cystathionine B synthase together with
cystathionine G lyase, which is involved in synthesize hydrogen
sulphide, act on CXCR2 which is expressed on neutrophils to
modulate the process of sepsis.47

Neutrophil chemotaxis assays

Improved technology in neutrophil chemotaxis assays, such as
the Boyden chamber assay,48 the Dunn Zigmond assay,25 under-
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agarose assay,49 have improved our understanding of neutrophil
chemotaxis mechanisms, despite their limitations.50 For example,
the Boyden chamber is unable to develop stable chemical gradient
profiles.51 Another limitation is that these assays require tens of
milliliters of blood and complex cell purification protocols.52

Assessing neutrophil chemotaxis could be challenging for obtain-
ing blood from infants or small animals. Sackmann et al.53 reported
a microfluidic technique that distinguishes asthma from allergic
rhinitis according to a patient's neutrophil chemotaxis function.
The whole blood was purified and chemotaxis neutrophils in a few
minutes by the technique only using a microstraw.50 Microfluidic
chemotaxis platforms can be deployed together with on-chip
neutrophil purification, which shows benefits in terms of func-
tion, operability, and versatility of these assays. Moreover, the dif-
ficulties regarding long-term cell cultures, biological samples, as
well as time-lapse microscopy have been reduced by the assay
significantly.

Yang et al.54 developed a novel computer vision-based cellular
chemotaxis analysis platform for dynamic assessments of neutro-
phils chemotaxis in those affected with severe infection. The plat-
form is the first of the kind that can be used to assess the PMN
chemotactic function. The chemotactic function of PMNs partially
represents the tune of the innate immune system in patients with
infection, and indicates the severity of infection and organ func-
tions. Whether the assay for PMN chemotactic function can be used
in the diagnosis and treatment of infections warrants further in-
vestigations (Fig. 2).

Neutrophil chemotaxis as biomarker during sepsis

Timely and accurate diagnosis of sepsis is critical for therapy and
an improved prognosis, so the diagnosis of sepsis has always been a
cardinal concern.55 Studies show that increased mortality are
frequently due to delayed diagnosis even for a few hours.56 The
gold standard for sepsis diagnosis is the positive result of pathogens
in blood cultures.57 However, it takes several days to obtain culture
results. The false-negative rate in patients with severe sepsis is also
high.58 Neutrophil activation markers may be used as potential
biomarkers for the diagnosis of sepsis and/or prediction of prog-
nosis. CD64, a factor that mediates the phagocytosis of bacteria, is
as known as FCg receptor I. A remarkable elevation of CD64 can be
up to 10-fold, which has been seen when neutrophils are stimu-
lated by cytokines.59 Moreover, it has been indicated that the
positive rate of CD64 in neutrophils in individuals affected with
bacterial contamination is significantly higher than that in those
infected with virus.60 Studies show that high levels of CD64
expression predict both the gravity of sepsis and 28-day mortality
rates.61 In a meta-analysis including 26 studies, the susceptibility
and specificity of neutrophil CD64 expression in bacterial infection
was 85% and 91%, respectively.62 Therefore, CD64 expression on
neutrophils might be used as a diagnostic biomarker for sepsis in
pediatric and adult patients.63 When CD64 is combined with other
inflammatory biomarkers, it may show a higher value in
diagnosis.64

Trigger receptors of Myeloid cell-1 (TREM-1) is a member of the
immunoglobulin superfamily. The receptor is expressed on many
types of leukocytes, including neutrophils when stimulated by
lipopolysaccharide, inactivated bacteria or fungoid.65 A large
number of studies show that serum and urine TREM-1 have a
higher sensitivity than that of leukocyte counts, C-reactive protein
or procalcitonin in the sera to diagnose sepsis.66 Serum levels of
TREM-1 at the time of admission could predict an unfavorable
prognosis, as the TREM-1 levels remain high in patients who
eventually died.67 A higher level of TREM-1 is regarded as a marker
for a more severe disease and a poorer outcome in neonatal
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patients with sepsis.68 The plasma level of TREM-1 is still an
acceptable indicator of the 28-day death rate in cancer patients
with sepsis, despite the complex immune environment in these
individuals.69

As neutrophils in the blood are mature after several stages in the
bone marrow, immature neutrophils are very sparse in the pe-
ripheral blood of the healthy.70 Studies show that the percentage
and number of immature neutrophils seen in septic patients can be
a potential diagnostic marker of sepsis. It has been demonstrated
that the number of immature neutrophils count can be used to
differentially diagnose systemic inflammatory response syndrome
and sepsis in those with major burns. This method has a specificity
of around 75% and a sensitivity of approximately 90%.70 Moreover,
the rate of immature neutrophil can predict the early onset of sepsis
in new arrivals.71 Given that neutrophils in experimental animals
and patients with sepsis showed an abnormal anti-bactericidal
function72 and a spontaneous migratory phenotype,73 the func-
tion of neutrophils combined with the ratio of immature neutro-
phils has been assessed to predict sepsis. It has been shown that the
combination of the ratio of immature neutrophil and the neutrophil
phagocytic index at day 1 after burn is a perfect index to differ from
infectious and non-infectious patients with systemic inflammatory
response syndrome. Moreover, the delta neutrophil index along
with the proportion of immature granulocytes, is able to be used for
an early diagnosis of sepsis and assessment of prognosis.74

S100A8 (MRP8) and S100A9 (MRP14), which are Ca2þ binding
proteins in the S100 family, are often expressed as heterodimers.
S100A8/A9 heterodimers are constitutively expressed in neutro-
phils and monocytes, which are an active player in cytoskeleton
rearrangement as well as arachidonic acid metabolism. However,
S100A8/A9 can be inducible expressed in inflammation to regulate
the inflammatory responses via leukocyte recruitment and cyto-
kine production. S100A8/A9 might be used as a biomarker for the
diagnosis, follow-up and prediction of therapeutic responses in
those with inflammatory disorders. As blocking of S100A8/9 im-
proves the severity of sepsis in rodents, the heterodimer is regarded
as a potential treated target.75 In short, neutrophil functionsmay be
a landmarker for the diagnosis of sepsis and/or prediction of the
outcome.

Neutrophil chemotaxis as a therapeutic target in sepsis

Clinical therapeutic strategies for neutrophils have been used
for decades and has achieved certain therapeutic effect. The
numerator foundation of neutrophil chemotaxis in sepsis is well
studied. More and more attention has been paid to the therapeutic
potential for neutrophil chemotaxis in sepsis. Tan et al.76 reported a
new mechanism of neutrophil chemotaxis regulated by meta-
bolism and aerobic glycolysis, which may be an intervention target
of sepsis. The activity of mitochondria in neutrophils is low, so
neutrophils almost rely on glycolysis to obtain energy. More and
more evidence shows that aerobic glycolysis plays a vital role in
sepsis. Leukocytes in sepsis patients transform metabolism from
oxidative phosphorylation to aerobic glycolysis. High serum lactate
level is a strong negative hemolysin inhibitor. Administration of 2-
deoxyglucose (2-DG) can significantly raise the outcome of septic
mice caused by CLP. Application of 2-DG also accelerates neutrophil
migration to the infectious sites as well as subsequently bacterial
clearance. Moreover, 2-DG also reverses down-regulation of CXCR2
in human neutrophils. 2-DG might be a latent therapeutic election.
Izawa et al.77 reported that the secretion of neutrophil chemotactic
substance secreted from mast cells challenged by Escherichia coli,
which is suppressed by the Ceramide-CD300f interaction. CD300f
belongs to the paired activation and inhibition receptor family
CD300, also known as leukocyte mono-immunoglobulin-like



Fig. 2. Schematic depicting agarose neutrophil chemotaxis model. (A) and (B) represent the front view and vertical view of agarose neutrophil chemotaxis model. Neutrophil
migration ability is assessed by under-agarose migration assay. Petri dishes with 35 mm diameter are used for agarose gels. Three wells (3 mm in diameter and 2.8 mm apart from
edge to edge) arranged in a straight line are punched. fMLP is placed in the middle hole, and neutrophils are seeded in the flanking wells. Distance of neutrophils migrating towards
to fMLP is observed under a microscope. (C) depicts the diagram from agarose neutrophil chemotaxis model. (D) and (E) respectively represent normal neutrophil chemotaxis and
abnormal neutrophil chemotaxis.
PMN: polymorphonuclear leukocyte; fMLP: formyl-methionyl-leucyl-phenylalanine; PTEN: phosphatase and tensin homolog deleted on chromosome ten; Ras Homolog Gene
Family, Member A; MTOC: microtubule organizing center; PLC: phospholipase C; GAP: GTPase activating protein; PIP3: phosphatidylinositol-(3,4,5)-trisphosphate; GEF: guanine
nucleotides exchange factor; ATP: adenosine triphosphate; PIP2: phosphatidylinositol (4,5)bisphosphate; PLCb: phosphoinositide-phospholipase Cb; P-MLC: phosphorylated
myosin light chain; MLCK: myosin light chain kinase; LPS: lipopolysaccharide.
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receptor, CMRF-35-likemolecule ormyeloid related Ig like receptor.
The inhibitory receptor CD300f contains two inhibitory motifs
based on immune receptor tyrosine and one switching motif based
on immune receptor tyrosine in the cytoplasmic region. CD300f is
expressed in mast cells and neutrophils. Recent studies show
clearly that particular lipids or lipid-binding proteins as ligands of
CD300. The concentrations of extracellular ceramides increased in
the peritoneal cavity of mice treated with CLP, prompting that
CD300f ligands play a probable role in controlling the congenital
immune responses. CD300f is a magnetic target for the treatment
of sepsis.

The exciting era lies ahead. With the improvement of our un-
derstanding of the intracellular mechanism regarding neutrophil
migration, we are about to turn the new knowledge of in vivo
research into new and effective treatments.
Conclusion

Sepsis usually occurs after traumatic bleeding, burns or major
surgical procedures, which obtains interest from clinicians and
researchers. Despite an enormous amount of time and energy, the
pathophysiological mechanism is not fully understood, and many
targeted therapies have not achieved a satisfying efficacy. This is
mainly because that sepsis is a complex and dynamically changed
disorder. Targeting neutrophil chemotaxis is a promising area in
sepsis treatment. Understanding neutrophil chemotaxis in sepsis
may offer significant opportunities to improve the prognosis of
322
sepsis patients. In the near future, it can be predicted that this new
strategy will be clinically evaluated in the treatment of sepsis.
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