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Sepsis is a life-threatening condition caused by a dysregulated host response to infection.
Although our understanding in the pathophysiological features of sepsis has increased
significantly during the past decades, there is still lack of specific treatment for sepsis.
Neutrophils are important regulators against invading pathogens, and their role during
sepsis has been studied extensively. It has been suggested that the migration, the
antimicrobial activity, and the function of neutrophil extracellular traps (NETs) have all
been impaired during sepsis, which results in an inappropriate response to primary
infection and potentially increase the susceptibility to secondary infection. On the other
hand, accumulating evidence has shown that the reversal or restoration of neutrophil
function can promote bacterial clearance and improve sepsis outcome, supporting the
idea that targeting neutrophils may be a promising strategy for sepsis treatment. In this
review, we will give an overview of the role of neutrophils during sepsis and discuss the
potential therapeutic strategy targeting neutrophils.
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INTRODUCTION

Sepsis is a highly complex disease caused by the dysregulated response to infection, and it is also one
of the common causes of death in patients with acute and critical illness. With the extensive
development of the Surviving Sepsis Campaign guidelines in clinical diagnosis and treatment
(Rhodes et al., 2017), the use of antibiotics, early fluid resuscitation, and the standardized application
of multiple organ function support methods within 1 h have downregulated the short-term fatality
rate to about 20% in patients with sepsis (Fleischmann et al., 2016). With an increased understanding
in the pathophysiological process of sepsis, sepsis has now been redefined as life-threatening organ
failure caused by host immune response imbalance after infection (Singer et al., 2016). Based on the
fundamental characteristics of sepsis, how to modulate immune response to infection during the
whole process of sepsis and to maintain immune homeostasis have always been the central problems
for sepsis treatment. Although no specific treatment for sepsis has been developed, accumulating
evidence has suggested a beneficial role of immune modulation therapy in sepsis treatment
(Hotchkiss et al., 2019; Rubio et al., 2019).

Neutrophils, one of the most abundant immune subsets in the peripheral, represent the first line
of defense against invading pathogens. Microbial infection leads to the generation of granulocytes in
the bone marrow and subsequently a release of both immature and mature forms of neutrophils into
the peripheral blood (Manz and Boettcher, 2014). Excessive immature form of neutrophils in the
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peripheral is a hallmark of systemic inflammatory response
syndrome, and is also related to clinical deterioration in
patients with sepsis (Daix et al., 2018). Impaired migration to
the infection site and dysregulated function capacity, as well as a
prolonged presence of neutrophil extracellular traps in
vasculature or tissues (Camicia et al., 2014; Shen et al., 2017a),
have been identified during the process of sepsis, which is also
critical for sepsis progression. Therefore, a better understanding
in the impact of immune responses between different forms of
neutrophils and the molecular control of endothelial and tissue
damage mediated by neutrophils may provide beneficial
prospects for future development of immune modulatory
therapies targeting neutrophils.

ROLE OF NEUTROPHILS IN SEPSIS

Dysregulated Migration of Neutrophils
The migration of neutrophils to infection sites is critical for their
antimicrobial function. It has been suggested that all the phases
responsible for neutrophil migration have been impaired during
sepsis, including mobilization and release from the bone marrow,
migration and rolling, adherence, and transmigration (Shen et al.,
2017a). The release of neutrophils into peripheral blood is tightly
controlled by C-X-C chemokine receptor (CXCR)4 interacting
with (CXCL)12 (Shen et al., 2017a). During sepsis,
downregulation of CXCL12 occurs, which leads to an
increased release of neutrophils into peripheral blood (Delano
et al., 2011a). After being released into peripheral blood, the
deformability capacity ensures effective rolling of neutrophils,
and integrins expressed on neutrophils such as LFA-1 and Mac-1
display low-affinity adhesion with selections expressed on
vascular endothelium, which promotes the margination of
neutrophils (Lerman and Kim, 2015). Bacterial products
upregulate the expression of β1 and/or β2 integrins on
neutrophils during sepsis, as well as increased expression
profiles of adhesion molecules including ICAM-1 and VCAM-
1, leading to a high-affinity adhesion of neutrophils with vascular
endothelium (Kovach and Standiford, 2012; Lerman and Kim,
2015). Stimulation by pro-inflammatory mediators such as fMLP
or TNF-α also drives the accumulation of F-actin below the cell
membrane in a peroxisome proliferator-activated receptor
gamma (PPARγ)-dependent manner, leading to reduced
deformability (Reddy et al., 2008). As a result, reduced
deformability and increased adhesion with vascular
endothelium promote the retention of neutrophils in the
vascular compartment, resulting in vascular occlusion and
tissue ischemia (Saito et al., 2002).

The transmigration of neutrophils from the vascular
compartment into the infection site is driven by the
interaction between chemoattractants and CXCR2 on
neutrophils, which is downregulated during sepsis progression.
Mechanism studies have shown that prolonged or repeated
stimulation from chemoattractants leads to the internalization
of CXCR2 mediated by the activation of G-protein coupled
receptors (GPCRs) in a β-arrestin– and calthrin-dependent
manner (Lefkowitz and Shenoy, 2005; Lee et al., 2015).

Negative regulators that can prevent the internalization of
CXCR2 have also been suggested by our group and others,
which may provide potential targets for future drug
development (Martin et al., 2010; Shen et al., 2017b; Shen
et al., 2017c). In addition to the impaired transmigration into
infection sites, inappropriate migration of neutrophils to remote
tissue and/or organ is also a major clinical feature during sepsis,
which has been suggested to be mediated by CCR2 (Souto et al.,
2011). Recently, the ability of neutrophils to retro-transmigrate into
the bloodstream has been identified in mice (Wang et al., 2017).
Infiltrated neutrophils interact with endothelial cells via CD11b and
release neutrophil elastase, which degrades the JAM-C (Colom et al.,
2015), allowing their circulation back to the bloodstream. The
upregulation of CXCR4 on neutrophils in the bloodstream drives
them tomigrate to the lung (Wang et al., 2017), whichmay represent
another potential mechanism for the induction of remote tissue
injury mediated by neutrophils during sepsis. Moreover, retro-
transmigrated neutrophils express ICAM-1 and display effective
bacterial phagocytosis (Silvestre-Roig et al., 2016). However, these
neutrophils are also associated with secondary organ injury at the
same time (Woodfin et al., 2016).

IMPAIRED ANTIMICROBIAL ACTIVITY OF
NEUTROPHILS IN SEPSIS

Recognition of Pathogen or Pathogen
Products
Once neutrophils have found and recognized an invading
pathogen, they exert their antimicrobial function through
phagocytosis, and subsequently pathogen killing, which occurs
in the phagolysosome (Leliefeld et al., 2016). Two antimicrobial
mechanisms have been suggested, including the oxidative killing
and granule product–mediated killing. The recognition of
pathogen or pathogen products by neutrophils also has an
impact on the following antimicrobial activities, among which
Toll-like receptors (TLRs) are suggested to play a critical role
during these processes. Toll-like receptors signal the downstream
release of antimicrobial peptides, pro-inflammatory cytokines,
and chemokines, and also promote the generation of reactive
oxygen species (ROS) through NF-κB and mitogen-activated
protein kinase (MAPK) pathways (Kovach and Standiford,
2012). However, prolonged or repeated activation of TLRs also
leads to the tolerance of the TLR signaling pathway, partly
mediated by the downregulation of TLRs expressed on
neutrophils. In addition, inhibitors of TLR signaling such as
IRAK-M are upregulated during sepsis progression (Xiong and
Medvedev, 2011), and the expression of NF-κB inhibitory
molecule NFκBIA is also increased in human septic
neutrophils (Tang et al., 2007). Therefore, the septic milieu
alters the TLR signaling and promotes the hyporesponsiveness
of neutrophils, which may trigger the inhibition of immune
response against secondary infection.

Antimicrobial Function
Both the oxidant activity and phagocytosis capacity of
neutrophils have been suggested to be impaired during sepsis
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(Delano et al., 2011b; Mishra et al., 2012; Demaret et al., 2015).
Gene clusters related to immunemodulation genes, inflammatory
genes, and genes required for ROS production have been
identified to be suppressed in patients with sepsis (Tang et al.,
2007). Kinases activity, which is responsive for the signaling
cascades of neutrophil function, has also been suggested to be
widely impaired in patients with sepsis (Hoogendijk et al., 2019).
Asmentioned above, neutrophils kill invading pathogens through
digestive proteases in the phagolysosome, which is regulated by
intra-phagosomal pH (Levine et al., 2015). During inflammation,
ROS production in neutrophils leads to acidification of the
phagosome, which results in impaired killing of ingested
microbes (Kovach and Standiford, 2012). Consistent with this,
acidification of peritoneal neutrophils was associated with
mortality in the mouse sepsis model (Chiswick et al., 2015). In
addition, serine proteases released by neutrophils can cleave
complement receptors such as C5aR on neutrophils, which
lead to a defect in neutrophil phagocytosis partly due to their
comprised capacity of finding opsonized targets (Morris et al.,
2011). Despite intrinsic regulation of antimicrobial function in
neutrophils, environmental stimulus can also influence the
antimicrobial capacity of neutrophils during sepsis. Mediators
expressed by bacteria and host-derived factors have shown to
impair neutrophil phagocytosis through limiting complement-
mediated opsonization (Mishra et al., 2012). Cytokines such as
resistin can also inhibit neutrophil killing capacity through
reducing F-actin polymerization and suppression of the
oxidative burst (Bonavia et al., 2017; Miller et al., 2019).

Detrimental Effects of Improper Activation
of Neutrophils
In addition to the impaired antimicrobial activities, it is likely that
both killing mechanisms shift during the course of acute
inflammation owing to the dysregulated activation of
neutrophils. The proper generation of ROS is critical for the
oxygen-dependent antimicrobial mechanism. In patients with
fatal sepsis, markedly increased production of ROS in
neutrophils was observed (Santos et al., 2012). Uncontrolled
release of ROS accumulating in vascular beds can contribute
to the loss of endothelial barrier integrity and subsequent vascular
leakage, leading to organ injury such as acute lung injury (Fox
et al., 2013; Zhao et al., 2020). In line with these findings, patients
with increased ROS production were more prone to develop
ARDS than control patients (Kellner et al., 2017). Granule
products are mainly responsible for the non-oxidative killing
mechanisms of neutrophils. However, during sepsis process,
surface receptors responsible for neutrophil extravasation,
homing, and activation mediate uncontrolled activation of
neutrophils (Leliefeld et al., 2016). During this process,
granules fuse with the plasma membrane, releasing their content
into the environment. Excessive extracellular degranulation and the
release of neutrophil proteases primarily reserved in granule resulted
in collateral tissue damage (Martin-Fernandez et al., 2020). More
tissue damage also led to increased influx and inappropriate activation
of neutrophils, which together resulted in continuous tissue
destruction (Laforge et al., 2020).

LIFE SPAN AND IMMATURE FORM OF
NEUTROPHILS

Increased Life Span of Neutrophils
The life span of circulating human neutrophils is estimated to be
5.4 days (Pillay et al., 2010), which provides opportunities for
neutrophils to undergo phenotypic and functional changes. After
infiltrating into tissues during acute inflammation such as sepsis,
tissue-derived signals including cytokines and environmental
factors (Silvestre-Roig et al., 2016) reduce neutrophil apoptosis
and increase their life span to an extent that is currently
unknown. Life span extension during inflammatory conditions
also increases the chance for neutrophils to undergo phenotypic
and functional changes. It has been suggested that the low-oxygen
environment in tissue during inflammation drives hypoxia-
inducible factor-dependent activation of neutrophil pro-
survival pathways and has a direct impact on the bactericidal
activity of neutrophils (Thompson et al., 2014). Endotoxin could
also increase the levels of various gene transcripts in neutrophils,
which results in the suppression of neutrophil apoptosis (de
Kleijn et al., 2012). Because both mature and immature forms
(discussed in the following section) of neutrophils are present
during sepsis, detailed analyses of the apoptosis level of different
forms of neutrophils may help to better understand the biological
characteristics of neutrophils during sepsis. It is noteworthy that
delayed apoptosis of neutrophils but accelerated apoptosis of
other adaptive immune cells may impair the homeostasis of
immunity, and increased life span also offers the chance for
neutrophils to exert other immunoregulatory functions such as
inducing T-cell apoptosis. Taken together, all these results may be
a new reason for immune paralysis found in sepsis. The
therapeutic strategy targeting delayed apoptosis of neutrophils
has been tried recently, which has provided promising results
(Zhang et al., 2019).

Generation of Immature Form of
Neutrophils
As the most abundant immune cells in the peripheral with a
relatively short half-life, neutrophils undergo constant
replenishment from the bone marrow to peripheral blood
(Lahoz-Beneytez et al., 2016). The developmental path and
functional properties of neutrophils in the bone marrow
include granulocyte–monocyte progenitor (GMP)
differentiating into neutrophil precursor population (Silvestre-
Roig et al., 2016), which can further give rise to an intermediate
immature population and subsequently the mature population
(Evrard et al., 2018). In a mice sepsis model, increased neutrophil
precursors were identified both in the bone marrow and spleen
(Evrard et al., 2018), and the local environment further
potentiates the expanded pool of neutrophils. Increased
amounts of granulocyte colony-stimulating factor (G-CSF) can
mobilize neutrophils from the bone marrow into the blood and
upregulate the expression of chemokines such as CXCL1 (Kohler
et al., 2011). As a result, both mature and immature neutrophils
were driven to peripheral blood, which has been confirmed in
patients with sepsis, although detailed mechanism for the
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presence of immature neutrophils is still lacking (Drifte et al.,
2013; Hampson et al., 2017). CXCR2 is a distinguishable
marker for circulating mature neutrophils as mature
neutrophils downregulate the expression of CXCR4 and
upregulate the expression of CXCR2 during the process of
mobilization from the bone marrow to peripheral blood.
Currently, it is unclear how to interpret the presence of
immature cells in the bloodstream, which might be a
compensatory response initiated by the depletion of mature
neutrophils in the bone marrow or a dedicated inflammatory
reaction to bacterial stimulus. Since these immature
neutrophils also display a pronounced decrease of various
receptors when compared to their mature counterparts, the
first hypothesis is more likely to occur.

As previously described, a compromised expression of CXCR2
was identified in neutrophils of septic patients. However, since
immature neutrophils also displayed low or negative expression
of CXCR2 (Evrard et al., 2018), the downregulation of CXCR2 on
neutrophils in patients with sepsis may also partly attribute to the
presence of immature neutrophils. Therefore, future analysis on
neutrophil migration and function should further take the
variations in neutrophil forms into account. Interestingly, both
mature and immature neutrophils were shown to display
identical capacity of migration into tissues, at least in a sterile
inflammation model (Evrard et al., 2018). In a human model of
experimental endotoxemia, immature neutrophils also exhibited
efficient migration (van Grinsven et al., 2019). With regard to
antimicrobial function, immature neutrophils were shown to
have decreased phagocytic capacity (Taneja et al., 2008) and
reduced antimicrobial function (Danikas et al., 2008). These
results were consistent with the recent finding using single-cell
transcriptome profiling, which suggested that the dynamics of the
oxidase complex subunits varied through neutrophil
differentiation, with minimum activation-triggered NADPH
oxidase activation in immature neutrophils (Xie et al., 2020).
Thus, more detailed studies on the function of distinct
subpopulations of neutrophils are needed, which may help to
better understand their diversity and critical roles in severe
inflammation such as sepsis.

Suppressive Function of Neutrophils in
Sepsis
Although neutrophils have long been recognized as effector cells
for the eradication of bacteria and fungi, accumulating results
have suggested their immune modulatory function in sepsis.
Serine proteases released by neutrophils cleave CD14 on
monocytes, which is necessary for recognition of
lipopolysaccharide by TLR4 (Le-Barillec et al., 1999).
Neutrophil elastase also reduces the expression of co-
stimulatory molecules on dendritic cells (Roghanian et al.,
2006), which limits a proper Th1 response. In acute systemic
inflammation induced by endotoxin challenge, human mature
neutrophils mediated the suppression of T-cell proliferation in
an integrin Mac-1– and ROS-dependent manner (Pillay et al.,
2012). Similar neutrophils were also found in septic shock
patients, which can suppress T-cell function through the

expression of arginase-1 (Darcy et al., 2014). Furthermore,
neutrophils isolated from septic patients can upregulate the
expression of PD-L1 in an interferon-gamma (IFN-
γ)-dependent process, which induced the apoptosis of T cells
(de Kleijn et al., 2013; Langereis et al., 2017). Taken together,
these results suggested that the function of neutrophils should
be tightly controlled to enhance their antibacterial function and
at the same time also to prevent their immunosuppressive
function on adaptive immunity.

Role of Neutrophil Extracellular Traps in
Sepsis
Neutrophils can exert their function through the formation of
neutrophil extracellular traps (NETs). NETs are composed of a
network of chromatin fibers containing granules of antimicrobial
peptides and enzymes including myeloperoxidase, elastase, and
cathepsin G (Brinkmann et al., 2004). Due to their structure
features, it is speculated that the function of NETs is to capture
and kill pathogens extracellularly, and also to prevent bacterial
dissemination. Evidence from human and animal models further
confirmed this, and it is now believed that NET is a critical
antimicrobial mechanism used by neutrophils despite
phagolysosomes and degranulation (Papayannopoulos, 2018).
The formation of NETs was first described by Brinkmann
et al. (2004), who showed that neutrophils stimulated with
PMA, IL-8, or LPS could release NETs. Following studies have
further revealed a wide range of stimuli that are capable of
inducing the formation of NETs. After challenging with
different stimuli, two forms of NETosis were introduced,
including suicidal NETosis and vital NETosis (Yipp and
Kubes, 2013). In suicidal NETosis, NAPDH-dependent ROS
production leads to peptidyl arginine deaminase 4 (PAD4)
activation, which results in chromatin decondensation and
the following release of cell-free DNA through membrane
pores and cellular lysis (Wang et al., 2009; Leshner et al.,
2012). In vital NETosis, neutrophils challenged with bacterial
form budding DNA-containing vesicles from the nuclear
envelop, which fuse with the plasma membrane to release
DNA to the extracellular space without a loss in the integrity
of the nuclear or plasma membrane (McDonald et al., 2012;
Yipp et al., 2012). Vital NETosis occurs quickly after neutrophils
are stimulated, and does not require the generation of ROS as
well as the activation of the MERK/ERK pathway (Yipp et al.,
2012). Currently, how neutrophils commit to one form of
NETosis over the other is still unknown, and neutrophil
heterogeneity determined by different stimuli is suggested to
play a critical role. Since ROS production is essential for suicidal
NETosis, it is speculated that neutrophils with an increased level
of ROS may produce excessive NETs. Evidence partly supported
this notion in which aged CXCR4+ neutrophils produced both
increased levels of ROS and NETs (Zhang et al., 2015). In acute
inflammation conditions, ICAM-1+ neutrophils and low-
density neutrophils which include both mature and immature
neutrophils were shown to produce increased amount of NETs
(Folco et al., 2018; Kanamaru et al., 2018), although detailed
forms of NETs were unknown.
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Beneficial Role of NETs in Sepsis
The earliest evidence of the antimicrobial activities of NETs came
from the study which showed that microorganisms were
physically attached onto the structural elements of NETs
(Buchanan et al., 2006), indicating that NETs exert
antimicrobial function by physically trapping microorganisms.
Further studies demonstrated that after trapping
microorganisms, NETs can directly kill bacteria when
phagocytosis of neutrophils was inhibited (Li et al., 2010).
Pharmacological inhibition of NET formation by DNase also
led to increased burden in the blood, with decreased survival in a
mouse CLP model (Czaikoski et al., 2016). Taken together, these
results suggested a beneficial role of NETs in the control of
invading microorganisms. However, due to their detrimental
effects which will be discussed later, the levels of NETosis at
different stages of sepsis may impact the outcomes. In supporting
this idea, studies showed that administration of DNase at an early
time after induction of sepsis by CLP increased pro-inflammatory
cytokines and worsened renal and pulmonary injury (Mai et al.,
2015). When given at a later stage after CLP, DNase
administration reduced organ damage and bacterial
dissemination, and also improved survival in the CLP model
(Mai et al., 2015). Whether similar results can also be found in
human sepsis process are still unknown and need to be verified in
the future.

Detrimental Role of NETs in Sepsis
As mentioned above, NETs protect the host through their
antimicrobial activities, while excessive NETosis during sepsis
has also been shown to be detrimental to the host through
inducing intravascular thrombosis, disseminated intravascular
coagulation (DIC), and multiple organ dysfunction. Histones
are the most abundant proteins in NETs, and NETs were
shown to adhere and activate vascular endothelium during
sepsis, which results in endothelium damage in a histone-
dependent manner (Clark et al., 2007). Histones can also act
as stimulators to TLR signaling pathways which drive the
production of pro-inflammatory cytokines (Xu et al., 2009;
Allam et al., 2012). Recently, the triggering receptor expressed
on myeloid cell-1 (TREM-1) has been identified to potentiate
NETosis and impair vascular activity (Murao et al., 2020;
Boufenzer et al., 2021). Other components of NETs such as
DNA and granule proteins have also been discovered to play a
procoagulant role in sepsis (Kannemeier et al., 2007; Massberg
et al., 2010; Iba et al., 2014). Furthermore, NETs can intrinsically
regulate the coagulation pathway through the activation of factor
XII and promote the formation of fibrin (von Bruhl et al., 2012).
Despite their detrimental role in the development of coagulation
during sepsis, histones from NETs can compromise cell
membrane integrity, leading to tissue damage (Abrams et al.,
2013). Other NET proteins can also target extracellular matrix
proteins, thus disrupting cell junctions (Papayannopoulos, 2018).

The formation of intravascular thrombosis and DIC can lead
to microvascular occlusion and tissue hypoxia, which further
promote multiple organ failure. Acute respiratory distress
syndrome (ARDS) is a common pathophysiological process
occurring during sepsis, which is characterized by disruption

of the alveolar–capillary barrier. In septic patients, NETs were
identified in bronchoalveolar lavage fluid, indicating neutrophils
are capable of undergoing NETosis even after transmigration
(Yildiz et al., 2015). Serine protease released via NETosis such as
proteinase-3, cathepsin G, and neutrophil elastase can degrade D
and A surfactants, both of which are critical in the resolution of
inflammation (Rubio et al., 2004; Cooley et al., 2008). Neutrophil
elastase can also increase alveolar epithelial permeability by
altering the actin cytoskeleton of epithelial cells (Peterson
et al., 1995). DNA released during NETosis such as histones
also has a detrimental effect through promoting the destruction of
the alveolar epithelium (Bosmann et al., 2013), thus leading to
increased severity of ARDS.

Potential Therapeutic Strategy Targeting
Neutrophils for Sepsis Treatment
Currently, treatment of sepsis consists of supportive care and
antibiotics, and neither has targeted on the host response which is
the main cause of death in sepsis. In addition, how to strengthen
immune capacity, which can benefit the control of primary
infection and potentially prevent the occurrence of secondary
infection, remains to be addressed. Although neutrophils display
dysregulated function during sepsis as discussed above, they also
have an increased life span which enables them to be a potential
therapeutic target (Shen et al., 2017a). Based on the changes
identified for neutrophils during the progress of sepsis, how to
reverse the inappropriate migration, enhance the antimicrobial
capacity, and a better control of NETs may be several potential
targeting directions (Figure 1).

Due to their complex function in sepsis, is neutrophil
depletion a potential strategy for sepsis treatment? In the
severe sepsis animal model established by the CLP procedure,
although all the mice succumbed within 72 h, mice with
neutrophil depletion displayed a slightly earlier death (Shen
et al., 2017b), suggesting an essential role of neutrophils in the
control of bacterial infection. Similar results were also discovered
in an early study which showed that depletion of neutrophils
worsened the outcome in the Listeria monocytogenes infection-
induced sepsis model (Navarini et al., 2009). Despite their
antimicrobial activity, neutrophils also play a detrimental role
in remote organ/tissue injury as evidenced by the study, which
showed that depletion of neutrophils significantly reduced lung
and liver injury despite elevated serum endotoxin levels (Wickel
et al., 1997). Therefore, it seems to us that the depletion of
neutrophils will only be effective once the primary infection is
under control and remote tissue/organ injury has become a
central problem that could impact patients’ outcome. In
addition, with accumulating results on the identification of
neutrophil heterogeneity, targeting a more specific subset of
neutrophils that mainly mediate the tissue injury may be a
new therapeutic direction. In supporting this idea, targeting an
activated phenotype characterized by the expression of CD64 has
been suggested to benefit patients’ outcome in septic shock (Lewis
et al., 2013).

Granulocyte–macrophage colony-stimulating factor (GM-
CSF) is a growth factor which can drive the proliferation and
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maturation of neutrophils, monocytes, and dendritic cells. Low
dose of GM-CSF administration improved oxygenation index
with a reduced level of neutrophils andmacrophages in the alveoli
of patients with sepsis and respiratory dysfunction (Presneill
et al., 2002). In patients with nontraumatic abdominal
infection, use of GM-CSF also reduced the incidence of
infection-related complications (Orozco et al., 2006). Detailed
studies further showed that GM-CSF could restore and enhance
immunity through manipulating the expression of HLA-DR on
monocytes and releasing TNF production from leukocytes
(Meisel et al., 2009; Hall et al., 2011). One clinical trial with a
large sample size which evaluates the efficacy of GM-CSF for the
prevention of secondary infection is now ongoing, which may
provide more clinical evidence (NCT02361528). Molecules that
target neutrophil maturation and function are also another
research field for the development of sepsis treatment. Our
group found that wild-type p53-induced phosphatase 1 (Wip1)
plays a critical role in neutrophil maturation, and genetic or
pharmacological inhibition of Wip1 could increase the
infiltration of neutrophils into the primary infection sites and
enhance their antimicrobial function (Liu et al., 2013; Shen et al.,
2017b; Shen et al., 2017c).

Despite targeting on innate immunity, targeting on adaptive
immunity, especially for T-cell immunity, is also another
emerging area for the discovery of sepsis treatment. Since
neutrophils have been shown to regulate T-cell immune
response through the expression of PD-L1 during the early
phase of sepsis, it may act a “bridge” between innate and
adaptive immunity. Therefore, targeting neutrophils may also
lead to beneficial effects on the control of adaptive immunity.
Consistent with this, antibodies against inhibitory immune
checkpoints such as PD-L1 to restore T-cell function have
been evaluated, which showed promising results (Zhang et al.,
2010). Furthermore, therapies targeting NET formation and NET
components have also been tried, which provide promising
prospects. Although early administration of DNase worsened
the outcomes in the CLP model, combined treatment of
antibiotics and DNase resulted in improved survival, reduced

bacteremia, and organ dysfunction (Czaikoski et al., 2016). This
indicates combined therapies which include conventional
treatment, and NET-targeted drugs can potentially optimize
treatment efficacy and outcome in septic patients. Genetic or
pharmacological inhibition of other NET formation factors such
as PAD4 has been shown to improve survival (Martinod et al.,
2015; Biron et al., 2018). However, since NET formation is also
important for the control of pathogens, how to maintain an
appropriate amount of NETs to meet the demand for bacterial
control and also to prevent tissue injury becomes an emerging
area for the discovery of targeted therapy. Blockade of NET
components such as histones has been shown to provide
beneficial effects on survival in the animal model (Semeraro
et al., 2011; Li et al., 2014), while large-scale randomized
clinical trials evaluating the efficacy for human septic patients
failed to demonstrate any clinical benefits (Marti-Carvajal et al.,
2012). Recently, other inhibitors targeting extracellular histones
have been tried, with promising results identified (Meara et al.,
2020).

Because platelet–neutrophil interaction is crucial for NETosis to
occur, antiplatelet therapy may also be an interesting field to
discover. The activation of platelet requires eicosanoids such as
thromboxane A2. Blockade of thromboxane A2 generation with the
use of acetylsalicylic acid or aspirin has been shown to decrease
intravascular NETosis and tissue injury (Caudrillier et al., 2012).
Other inhibitors targeting the platelet–neutrophil interaction such as
the platelet ADP receptor P2Y12 also attenuated NETosis (Liverani
et al., 2016; Mansour et al., 2020). In addition, in several
observational studies, administration of antiplatelet therapy has
been shown to be associated with improved outcome in patients
with sepsis (Eisen et al., 2012; Chen et al., 2015). Recently, a novel
treatment which stabilizes NETs to enhance their capacity of
capturing bacteria and prevent the release of antibacterial
compounds causing tissue damage has been discovered (Gollomp
et al., 2020). Researchers developed an antibody that binds to
complexes of NETs and platelet factor 4 (PF4), a protein released
by activated platelets, which causes the NETs to resist degradation
and improves their ability to capture bacteria. When administered

FIGURE 1 | Schematic depicting current knowledge in the pathophysiological features of neutrophils during sepsis. During sepsis, both mature and immature
neutrophils are generated in the bonemarrow and are mobilized into peripheral blood. Transcriptional factors and environmental stimulus that determine the phenotypes
of neutrophils presented in sepsis are largely unknown. Several pathophysiological features related to neutrophil function have been described, including dysregulated
migration capacity, impaired antimicrobial activity, and suppression of adaptive immunity through the expression of inhibitory immune checkpoints. Neutrophil
extracellular traps (NETs) in sepsis are also not controlled properly, and play an important role in tissue damage and coagulation disturbance.
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combined with antibiotics, this treatment significantly reduced the
severity of illness, decreased the levels of bacteria circulating in the
blood, and improved survival in the animal sepsis model (Gollomp
et al., 2020). A large-scale clinical trial which evaluates the efficacy of
antiplatelet therapy in sepsis is currently underway and may provide
interesting results in the future (Eisen et al., 2017; Table 1).

Future Perspectives
Sepsis is defined as a dysregulated host response to infection with no
specific therapies available currently. As an important component of
innate immunity, neutrophils act as sentinels to eliminate invading
pathogens and maintain immune homeostasis. With an increased
understanding of neutrophil immunity, their role and function
during sepsis have been gradually elucidated. Accumulating
evidence has also suggested that neutrophils may be a promising
therapeutic target for sepsis treatment. However, due to their
relatively short half-life and phenotype diversity, intrinsic
transcriptional control of neutrophils in severe inflammation such
as sepsis is still under investigation (Figure 1). In addition, how
environmental stimulus educates and the metabolism control of
neutrophils represents another emerging field remain to be
discovered. As sepsis is often accompanied with a complex
pathophysiological process which involves multiple systems other
than immune response, it is also notable that simply “one target” or
“one-time-fits-all” approach will unlikely be successful. To achieve
dynamic personalized therapy, an easy and effective method to
analyze neutrophil function at different phases of sepsis is also
important. Interestingly, diagnosis of sepsis based on a single drop of
blood assay has been developed, which provides promising results on
addressing above issues (Ellett et al., 2018).

What Is New?
• Despite their antimicrobial function, neutrophils also exert
immunoregulatory functions and display phenotypic and
functional plasticity.

• An immature form of neutrophils is generated during sepsis,
with decreased phagocytic capacity and antimicrobial
function. Mechanisms driving the generation of immature
neutrophils are unknown, and detailed phenotypes of these
immature neutrophils also need to be further explored.

• Neutrophils with effective bacterial phagocytosis can retro-
transmigrate from the tissue into the bloodstream. However,
these neutrophils are also associated with secondary organ
injury at the same time.

• Combined treatment of antibiotics and DNase to prevent
excessive NETosis has been shown to improve the outcome
of sepsis, suggesting a combination of conventional therapy and
treatment targeting on the detrimental effects of neutrophils
can potentially optimize treatment efficacy and outcome in
septic patients.

• Targeting the platelet–neutrophil interaction may be a new
promising therapeutic strategy for sepsis treatment, which has
been shown to improve the outcome both in animal and human
sepses.
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TABLE 1 | Summary of therapeutic strategy targeting neutrophils.

Target Strategies Outcomes References

Neutrophil Anti–Gr-1 Reduces remote lung and liver injury in a mice CLP model Wickel et al. (1997)
Leucofiltration Improves organ function in human patients with severe sepsis Lewis et al. (2013)
GM-CSF Drives the maturation and proliferation of neutrophils; Phase III study ongoing NCT02361528; Meisel et al. (2009), Hall et al.

(2011)
G-CSF No improvement in clinical trial study Root et al. (2003)
Inhibition of Wip1 Drives the maturation of neutrophils and enhances their antimicrobial function Shen et al. (2017b)
Anti–PD-L1 Restores T-cell function in the mice model Zhang et al. (2010)

NETs DNase I Effective when combined with antibiotics to improve the outcome Czaikoski et al. (2016)
Cl-amidine Prevents NETs formation and improves survival in a mice CLP model Biron et al. (2017)
Anti-citrullinated
histone 3

Reduces NETs and improves survival in a mice CLP model Li et al. (2014)

Anti–TREM-1 Prevents NETosis and associated endothelial dysfunction in a mice LPSmodel Murao et al. (2020), Boufenzer et al. (2021)
Histone Anti-histone Improves the outcome in the LPS, TNF, and CLP mice models Meara et al. (2020)

Activated protein C Failed in the clinic Marti-Carvajal et al. (2012)
Platelet Acetylsalicylic acid Decreases intravascular NETosis and tissue injury Caudrillier et al. (2012)

Aspirin Ongoing clinical trial Eisen et al. (2017)
Anti-P2Y12 Prevents NETosis and improves the survival in mice CLP model Liverani et al. (2016), Mansour et al. (2020)
Antiplatelet factor 4 Stabilizes NETs and prevents the release of antibacterial compounds in mice

model
Gollomp et al. (2020)

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6442707

Shen et al. Targeting Neutrophils in Sepsis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Abrams, S. T., Zhang, N., Manson, J., Liu, T., Dart, C., Baluwa, F., et al. (2013).
Circulating histones are mediators of trauma-associated lung injury. Am.
J. Respir. Crit. Care Med. 187 (2), 160–169. doi:10.1164/rccm.201206-1037OC

Allam, R., Scherbaum, C. R., Darisipudi, M. N., Mulay, S. R., Hagele, H.,
Lichtnekert, J., et al. (2012). Histones from dying renal cells aggravate
kidney injury via TLR2 and TLR4. J. Am. Soc. Nephrol. 23 (8), 1375–1388.
doi:10.1681/ASN.2011111077

Biron, B. M., Chung, C. S., Chen, Y., Wilson, Z., Fallon, E. A., Reichner, J. S., et al.
(2018). PAD4 deficiency leads to decreased organ dysfunction and improved
survival in a dual insult model of hemorrhagic shock and sepsis. J. Immunol.
200 (5), 1817–1828. doi:10.4049/jimmunol.1700639

Biron, B. M., Chung, C. S., O’Brien, X. M., Chen, Y., Reichner, J. S., and Ayala, A.
(2017). Cl-Amidine prevents histone 3 citrullination and neutrophil
extracellular trap formation, and improves survival in a murine sepsis
model. J. Innate Immun. 9 (1), 22–32. doi:10.1159/000448808

Bonavia, A., Miller, L., Kellum, J. A., and Singbartl, K. (2017). Hemoadsorption
corrects hyperresistinemia and restores anti-bacterial neutrophil function.
Intensive Care Med. Exp. 5 (1), 36. doi:10.1186/s40635-017-0150-5

Bosmann, M., Grailer, J. J., Ruemmler, R., Russkamp, N. F., Zetoune, F. S., Sarma,
J. V., et al. (2013). Extracellular histones are essential effectors of C5aR- and
C5L2-mediated tissue damage and inflammation in acute lung injury. FASEB J.
27 (12), 5010–5021. doi:10.1096/fj.13-236380

Boufenzer, A., Carrasco, K., Jolly, L., Brustolin, B., Di-Pillo, E., Derive, M., et al.
(2021). Potentiation of NETs release is novel characteristic of TREM-1
activation and the pharmacological inhibition of TREM-1 could prevent
from the deleterious consequences of NETs release in sepsis. Cell Mol.
Immunol. 18 (2), 452–460. doi:10.1038/s41423-020-00591-7

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S.,
et al. (2004). Neutrophil extracellular traps kill bacteria. Science 303 (5663),
1532–1535. doi:10.1126/science.1092385

Buchanan, J. T., Simpson, A. J., Aziz, R. K., Liu, G. Y., Kristian, S. A., Kotb, M., et al.
(2006). DNase expression allows the pathogen group A Streptococcus to escape
killing in neutrophil extracellular traps. Curr. Biol. 16 (4), 396–400. doi:10.1016/
j.cub.2005.12.039

Camicia, G., Pozner, R., and de Larranaga, G. (2014). Neutrophil extracellular traps
in sepsis. Shock 42 (4), 286–294. doi:10.1097/SHK.0000000000000221

Caudrillier, A., Kessenbrock, K., Gilliss, B. M., Nguyen, J. X., Marques, M. B.,
Monestier, M., et al. (2012). Platelets induce neutrophil extracellular traps in
transfusion-related acute lung injury. J. Clin. Invest. 122 (7), 2661–2671. doi:10.
1172/JCI61303

Chen,W., Janz, D. D. R., Bastarache, J. A., May, A. K., O’Neal, H. R., Jr., Bernard, G.
R., et al. (2015). Prehospital aspirin use is associated with reduced risk of acute
respiratory distress syndrome in critically ill patients: a propensity-adjusted
analysis. Crit. CareMed. 43 (4), 801–807. doi:10.1097/CCM.0000000000000789

Chiswick, E. L., Mella, J. R., Bernardo, J., and Remick, D. G. (2015). Acute-phase
deaths from murine polymicrobial sepsis are characterized by innate immune
suppression rather than exhaustion. J. Immunol. 195 (8), 3793–3802. doi:10.
4049/jimmunol.1500874

Clark, S. R., Ma, A. C., Tavener, S. A., McDonald, B., Goodarzi, Z., Kelly, M. M.,
et al. (2007). Platelet TLR4 activates neutrophil extracellular traps to ensnare
bacteria in septic blood. Nat. Med. 13 (4), 463–469. doi:10.1038/nm1565

Colom, B., Bodkin, J. V., Beyrau, M., Woodfin, A., Ody, C., Rourke, C., et al. (2015).
Leukotriene B4-neutrophil elastase Axis drives neutrophil reverse
transendothelial cell migration in vivo. Immunity 42 (6), 1075–1086. doi:10.
1016/j.immuni.2015.05.010

Cooley, J., McDonald, B., Accurso, F. J., Crouch, E. C., and Remold-O’Donnell, E.
(2008). Patterns of neutrophil serine protease-dependent cleavage of surfactant
protein D in inflammatory lung disease. J. Leukoc. Biol. 83 (4), 946–955. doi:10.
1189/jlb.1007684

Czaikoski, P. G., Mota, J. M., Nascimento, D. C., Sonego, F., Castanheira, F. V.,
Melo, P. H., et al. (2016). Neutrophil extracellular traps induce organ damage
during experimental and clinical sepsis. PLoS One 11 (2), e0148142. doi:10.
1371/journal.pone.0148142

Daix, T., Guerin, E., Tavernier, E., Mercier, E., Gissot, V., Herault, O., et al. (2018).
Multicentric standardized flow cytometry routine assessment of patients with

sepsis to predict clinical worsening. Chest 154 (3), 617–627. doi:10.1016/j.chest.
2018.03.058

Danikas, D. D., Karakantza, M., Theodorou, G. L., Sakellaropoulos, G. C., and
Gogos, C. A. (2008). Prognostic value of phagocytic activity of neutrophils and
monocytes in sepsis. Correlation to CD64 and CD14 antigen expression. Clin.
Exp. Immunol. 154 (1), 87–97. doi:10.1111/j.1365-2249.2008.03737.x

Darcy, C. J., Minigo, G., Piera, K. A., Davis, J. S., McNeil, Y. R., Chen, Y., et al.
(2014). Neutrophils with myeloid derived suppressor function deplete arginine
and constrain T cell function in septic shock patients. Crit. Care 18 (4), R163.
doi:10.1186/cc14003

de Kleijn, S., Kox, M., Sama, I. E., Pillay, J., van Diepen, A., Huijnen, M. A., et al.
(2012). Transcriptome kinetics of circulating neutrophils during human
experimental endotoxemia. PLoS One 7 (6), e38255. doi:10.1371/journal.
pone.0038255

de Kleijn, S., Langereis, J. D., Leentjens, J., Kox, M., Netea, M. G., Koenderman, L.,
et al. (2013). IFN-gamma-stimulated neutrophils suppress lymphocyte
proliferation through expression of PD-L1. PLoS One 8 (8), e72249. doi:10.
1371/journal.pone.0072249

Delano, M. J., Kelly-Scumpia, K. M., Thayer, T. C., Winfield, R. D., Scumpia, P. O.,
Cuenca, A. G., et al. (2011a). Neutrophil mobilization from the bone marrow
during polymicrobial sepsis is dependent on CXCL12 signaling. J. Immunol.
187 (2), 911–918. doi:10.4049/jimmunol.1100588

Delano, M. J., Thayer, T., Gabrilovich, S., Kelly-Scumpia, K. M., Winfield, R. D.,
Scumpia, P. O., et al. (2011b). Sepsis induces early alterations in innate
immunity that impact mortality to secondary infection. J. Immunol. 186 (1),
195–202. doi:10.4049/jimmunol.1002104

Demaret, J., Venet, F., Friggeri, A., Cazalis, M. A., Plassais, J., Jallades, L., et al.
(2015). Marked alterations of neutrophil functions during sepsis-induced
immunosuppression. J. Leukoc. Biol. 98 (6), 1081–1090. doi:10.1189/jlb.
4A0415-168RR

Drifte, G., Dunn-Siegrist, I., Tissieres, P., and Pugin, J. (2013). Innate immune
functions of immature neutrophils in patients with sepsis and severe systemic
inflammatory response syndrome. Crit. Care Med. 41 (3), 820–832. doi:10.
1097/CCM.0b013e318274647d

Eisen, D. P., Moore, E. M., Leder, K., Lockery, J., McBryde, E. S., McNeil, J. J., et al.
(2017). AspiriN to Inhibit SEPSIS (ANTISEPSIS) randomised controlled trial
protocol. BMJ Open 7 (1), e013636. doi:10.1136/bmjopen-2016-013636

Eisen, D. P., Reid, D., and McBryde, E. S. (2012). Acetyl salicylic acid usage and
mortality in critically ill patients with the systemic inflammatory response
syndrome and sepsis. Crit. Care Med. 40 (6), 1761–1767. doi:10.1097/CCM.
0b013e318246b9df

Ellett, F., Jorgensen, J., Marand, A. L., Liu, Y. M., Martinez, M. M., Sein, V., et al.
(2018). Diagnosis of sepsis from a drop of blood by measurement of
spontaneous neutrophil motility in a microfluidic assay. Nat. Biomed. Eng. 2
(4), 207–214. doi:10.1038/s41551-018-0208-z

Evrard, M., Kwok, I. W. H., Chong, S. Z., Teng, K. W. W., Becht, E., Chen, J., et al.
(2018). Developmental analysis of bone marrow neutrophils reveals
populations specialized in expansion, trafficking, and effector functions.
Immunity 48 (2), 364–379. doi:10.1016/j.immuni.2018.02.002

Fleischmann, C., Scherag, A., Adhikari, N. K., Hartog, C. S., Tsaganos, T.,
Schlattmann, P., et al. (2016). Assessment of Global incidence and mortality
of hospital-treated sepsis. Current estimates and limitations. Am. J. Respir. Crit.
Care Med. 193 (3), 259–272. doi:10.1164/rccm.201504-0781OC

Folco, E. J., Mawson, T. L., Vromman, A., Bernardes-Souza, B., Franck, G., Persson,
O., et al. (2018). Neutrophil extracellular traps induce endothelial cell activation
and tissue factor production through interleukin-1alpha and cathepsin G.
Arterioscler. Thromb. Vasc. Biol. 38 (8), 1901–1912. doi:10.1161/ATVBAHA.
118.311150

Fox, E. D., Heffernan, D. S., Cioffi, W. G., and Reichner, J. S. (2013). Neutrophils
from critically ill septic patients mediate profound loss of endothelial barrier
integrity. Crit. Care 17 (5), R226. doi:10.1186/cc13049

Gollomp, K., Sarkar, A., Harikumar, S., Seeholzer, S. H., Arepally, G. M., Hudock,
K., et al. (2020). Fc-modified HIT-like monoclonal antibody as a novel
treatment for sepsis. Blood 135 (10), 743–754. doi:10.1182/blood.2019002329

Hall, M. W., Knatz, N. L., Vetterly, C., Tomarello, S., Wewers, M. D., Volk, H. D.,
et al. (2011). Immunoparalysis and nosocomial infection in children with
multiple organ dysfunction syndrome. Intensive Care Med. 37 (3), 525–532.
doi:10.1007/s00134-010-2088-x

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6442708

Shen et al. Targeting Neutrophils in Sepsis

https://doi.org/10.1164/rccm.201206-1037OC
https://doi.org/10.1681/ASN.2011111077
https://doi.org/10.4049/jimmunol.1700639
https://doi.org/10.1159/000448808
https://doi.org/10.1186/s40635-017-0150-5
https://doi.org/10.1096/fj.13-236380
https://doi.org/10.1038/s41423-020-00591-7
https://doi.org/10.1126/science.1092385
https://doi.org/10.1016/j.cub.2005.12.039
https://doi.org/10.1016/j.cub.2005.12.039
https://doi.org/10.1097/SHK.0000000000000221
https://doi.org/10.1172/JCI61303
https://doi.org/10.1172/JCI61303
https://doi.org/10.1097/CCM.0000000000000789
https://doi.org/10.4049/jimmunol.1500874
https://doi.org/10.4049/jimmunol.1500874
https://doi.org/10.1038/nm1565
https://doi.org/10.1016/j.immuni.2015.05.010
https://doi.org/10.1016/j.immuni.2015.05.010
https://doi.org/10.1189/jlb.1007684
https://doi.org/10.1189/jlb.1007684
https://doi.org/10.1371/journal.pone.0148142
https://doi.org/10.1371/journal.pone.0148142
https://doi.org/10.1016/j.chest.2018.03.058
https://doi.org/10.1016/j.chest.2018.03.058
https://doi.org/10.1111/j.1365-2249.2008.03737.x
https://doi.org/10.1186/cc14003
https://doi.org/10.1371/journal.pone.0038255
https://doi.org/10.1371/journal.pone.0038255
https://doi.org/10.1371/journal.pone.0072249
https://doi.org/10.1371/journal.pone.0072249
https://doi.org/10.4049/jimmunol.1100588
https://doi.org/10.4049/jimmunol.1002104
https://doi.org/10.1189/jlb.4A0415-168RR
https://doi.org/10.1189/jlb.4A0415-168RR
https://doi.org/10.1097/CCM.0b013e318274647d
https://doi.org/10.1097/CCM.0b013e318274647d
https://doi.org/10.1136/bmjopen-2016-013636
https://doi.org/10.1097/CCM.0b013e318246b9df
https://doi.org/10.1097/CCM.0b013e318246b9df
https://doi.org/10.1038/s41551-018-0208-z
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1164/rccm.201504-0781OC
https://doi.org/10.1161/ATVBAHA.118.311150
https://doi.org/10.1161/ATVBAHA.118.311150
https://doi.org/10.1186/cc13049
https://doi.org/10.1182/blood.2019002329
https://doi.org/10.1007/s00134-010-2088-x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Hampson, P., Dinsdale, R. J., Wearn, C. M., Bamford, A. L., Bishop, J. R. B.,
Hazeldine, J., et al. (2017). Neutrophil dysfunction, immature granulocytes, and
cell-free DNA are early biomarkers of sepsis in burn-injured patients: a
prospective observational cohort study. Ann. Surg. 265 (6), 1241–1249.
doi:10.1097/SLA.0000000000001807

Hoogendijk, A. J., van Vught, L. A., Wiewel, M. A., Fuhler, G. M., Belkasim-
Bohoudi, H., Horn, J., et al. (2019). Kinase activity is impaired in neutrophils of
sepsis patients. Haematologica 104 (6), e233–e235. doi:10.3324/haematol.2018.
201913

Hotchkiss, R. S., Colston, E., Yende, S., Angus, D. C., Moldawer, L. L., Crouser, E.
D., et al. (2019). Immune checkpoint inhibition in sepsis: a phase 1b
randomized, placebo-controlled, single ascending dose study of
antiprogrammed cell death-ligand 1 antibody (BMS-936559). Crit. Care
Med. 47 (5), 632–642. doi:10.1097/CCM.0000000000003685

Iba, T., Miki, T., Hashiguchi, N., Tabe, Y., and Nagaoka, I. (2014). Is the neutrophil
a ’prima donna’ in the procoagulant process during sepsis? Crit. Care 18 (4),
230. doi:10.1186/cc13983

Kanamaru, R., Ohzawa, H., Miyato, H., Matsumoto, S., Haruta, H., Kurashina, K.,
et al. (2018). Low density neutrophils (LDN) in postoperative abdominal cavity
assist the peritoneal recurrence through the production of neutrophil
extracellular traps (NETs). Sci. Rep. 8 (1), 632. doi:10.1038/s41598-017-
19091-2

Kannemeier, C., Shibamiya, A., Nakazawa, F., Trusheim, H., Ruppert, C., Markart,
P., et al. (2007). Extracellular RNA constitutes a natural procoagulant cofactor
in blood coagulation. Proc. Natl. Acad. Sci. USA 104 (15), 6388–6393. doi:10.
1073/pnas.0608647104

Kellner, M., Noonepalle, S., Lu, Q., Srivastava, A., Zemskov, E., and Black, S. M.
(2017). ROS signaling in the pathogenesis of acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS). Adv. Exp. Med. Biol. 967, 105–137.
doi:10.1007/978-3-319-63245-2_8

Kohler, A., De Filippo, K., Hasenberg, M., van den Brandt, C., Nye, E., Hosking, M.
P., et al. (2011). G-CSF-mediated thrombopoietin release triggers neutrophil
motility and mobilization from bone marrow via induction of Cxcr2 ligands.
Blood 117 (16), 4349–4357. doi:10.1182/blood-2010-09-308387

Kovach, M. A., and Standiford, T. J. (2012). The function of neutrophils in sepsis.
Curr. Opin. Infect. Dis. 25 (3), 321–327. doi:10.1097/QCO.0b013e3283528c9b

Laforge, M., Elbim, C., Frere, C., Hemadi, M., Massaad, C., Nuss, P., et al. (2020).
Tissue damage from neutrophil-induced oxidative stress in COVID-19. Nat.
Rev. Immunol. 20 (9), 515–516. doi:10.1038/s41577-020-0407-1

Lahoz-Beneytez, J., Elemans, M., Zhang, Y., Ahmed, R., Salam, A., Block, M., et al.
(2016). Human neutrophil kinetics: modeling of stable isotope labeling data
supports short blood neutrophil half-lives. Blood 127 (26), 3431–3438. doi:10.
1182/blood-2016-03-700336

Langereis, J. D., Pickkers, P., de Kleijn, S., Gerretsen, J., de Jonge, M. I., and Kox, M.
(2017). Spleen-derived IFN-gamma induces generation of PD-L1(+)-
suppressive neutrophils during endotoxemia. J. Leukoc. Biol. 102 (6),
1401–1409. doi:10.1189/jlb.3A0217-051RR

Le-Barillec, K., Si-Tahar, M., Balloy, V., and Chignard, M. (1999). Proteolysis of
monocyte CD14 by human leukocyte elastase inhibits lipopolysaccharide-
mediated cell activation. J. Clin. Invest. 103 (7), 1039–1046. doi:10.1172/
JCI5779

Lee, S. K., Kim, S. D., Kook, M., Lee, H. Y., Ghim, J., Choi, Y., et al. (2015).
Phospholipase D2 drives mortality in sepsis by inhibiting neutrophil
extracellular trap formation and down-regulating CXCR2. J. Exp. Med. 212
(9), 1381–1390. doi:10.1084/jem.20141813

Lefkowitz, R. J., and Shenoy, S. K. (2005). Transduction of receptor signals by beta-
arrestins. Science 308 (5721), 512–517. doi:10.1126/science.1109237

Leliefeld, P. H., Wessels, C. M., Leenen, L. P., Koenderman, L., and Pillay, J. (2016).
The role of neutrophils in immune dysfunction during severe inflammation.
Crit. Care 20, 73. doi:10.1186/s13054-016-1250-4

Lerman, Y. Y. V., and Kim, M. (2015). Neutrophil migration under normal and
sepsis conditions. Cardiovasc. Hematol. Disord. Drug Targets 15 (1), 19–28.
doi:10.2174/1871529x15666150108113236

Leshner, M., Wang, S., Lewis, C., Zheng, H., Chen, X. A., Santy, L., et al. (2012).
PAD4 mediated histone hypercitrullination induces heterochromatin
decondensation and chromatin unfolding to form neutrophil extracellular
trap-like structures. Front. Immunol. 3, 307. doi:10.3389/fimmu.2012.00307

Levine, A. P., Duchen, M. R., de Villiers, S., Rich, P. R., and Segal, A. W. (2015).
Alkalinity of neutrophil phagocytic vacuoles is modulated by HVCN1 and has
consequences for myeloperoxidase activity. PLoS One 10 (4), e0125906. doi:10.
1371/journal.pone.0125906

Lewis, S. M., Khan, N., Beale, R., Treacher, D. F., and Brown, K. A. (2013).
Depletion of blood neutrophils from patients with sepsis: treatment for the
future? Int. Immunopharmacol. 17 (4), 1226–1232. doi:10.1016/j.intimp.2013.
10.002

Li, P., Li, M., Lindberg, M. R., Kennett, M. J., Xiong, N., andWang, Y. (2010). PAD4
is essential for antibacterial innate immunity mediated by neutrophil
extracellular traps. J. Exp. Med. 207 (9), 1853–1862. doi:10.1084/jem.20100239

Li, Y., Liu, Z., Liu, B., Zhao, T., Chong, W., Wang, Y., et al. (2014). Citrullinated
histone H3: a novel target for the treatment of sepsis. Surgery 156 (2), 229–234.
doi:10.1016/j.surg.2014.04.009

Liu, G., Hu, X., Sun, B., Yang, T., Shi, J., Zhang, L., et al. (2013). Phosphatase Wip1
negatively regulates neutrophil development through p38 MAPK-STAT1.
Blood 121 (3), 519–529. doi:10.1182/blood-2012-05-432674

Liverani, E., Rico, M. C., Tsygankov, A. Y., Kilpatrick, L. E., and Kunapuli, S. P.
(2016). P2Y12 receptor modulates sepsis-induced inflammation. Arterioscler.
Thromb. Vasc. Biol. 36 (5), 961–971. doi:10.1161/ATVBAHA.116.307401

Mai, S. H., Khan, M., Dwivedi, D. J., Ross, C. A., Zhou, J., Gould, T. J., et al. (2015).
Delayed but not early treatment with DNase reduces organ damage and
improves outcome in a murine model of sepsis. Shock 44 (2), 166–172. doi:
doi:10.1097/SHK.0000000000000396

Mansour, A., Bachelot-Loza, C., Nesseler, N., Gaussem, P., and Gouin-Thibault, I.
(2020). P2Y12 inhibition beyond thrombosis: effects on inflammation. Nt
J. Mol. Sci. 21 (4, 1391). doi:10.3390/ijms21041391

Manz, M. G., and Boettcher, S. (2014). Emergency granulopoiesis. Nat. Rev.
Immunol. 14 (5), 302–314. doi:10.1038/nri3660

Marti-Carvajal, A. J., Sola, I., Gluud, C., Lathyris, D., and Cardona, A. F. (2012).
Human recombinant protein C for severe sepsis and septic shock in adult and
paediatric patients. Cochr. Database Syst. Rev. 12, CD004388. doi:10.1002/
14651858.CD004388.pub6

Martin, E. L., Souza, D. G., Fagundes, C. T., Amaral, F. A., Assenzio, B., Puntorieri,
V., et al. (2010). Phosphoinositide-3 kinase gamma activity contributes to sepsis
and organ damage by altering neutrophil recruitment. Am. J. Respir. Crit. Care
Med. 182 (6), 762–773. doi:10.1164/rccm.201001-0088OC

Martin-Fernandez, M., Vaquero-Roncero, L. M., Almansa, R., Gomez-Sanchez, E.,
Martin, S., Tamayo, E., et al. (2020). Endothelial dysfunction is an early
indicator of sepsis and neutrophil degranulation of septic shock in surgical
patients. BJS Open 4 (3), 524–534. doi:10.1002/bjs5.50265

Martinod, K., Fuchs, T. A., Zitomersky, N. L., Wong, S. L., Demers, M., Gallant, M.,
et al. (2015). PAD4-deficiency does not affect bacteremia in polymicrobial
sepsis and ameliorates endotoxemic shock. Blood 125 (12), 1948–1956. doi:10.
1182/blood-2014-07-587709

Massberg, S., Grahl, L., von Bruehl, M. L., Manukyan, D., Pfeiler, S., Goosmann, C.,
et al. (2010). Reciprocal coupling of coagulation and innate immunity via
neutrophil serine proteases. Nat. Med. 16 (8), 887–896. doi:10.1038/nm.2184

McDonald, B., Urrutia, R., Yipp, B. G., Jenne, C. N., and Kubes, P. (2012).
Intravascular neutrophil extracellular traps capture bacteria from the
bloodstream during sepsis. Cell Host Microbe 12 (3), 324–333. doi:10.1016/j.
chom.2012.06.011

Meara, C. C. H. O., Coupland, L. A., Kordbacheh, F., Quah, B. J. C., Chang, C. W.,
Simon Davis, D. A., et al. (2020). Neutralizing the pathological effects of
extracellular histones with small polyanions. Nat. Commun. 11 (1), 6408.
doi:10.1038/s41467-020-20231-y

Meisel, C., Schefold, J. C., Pschowski, R., Baumann, T., Hetzger, K., Gregor, J., et al.
(2009). Granulocyte-macrophage colony-stimulating factor to reverse sepsis-
associated immunosuppression: a double-blind, randomized, placebo-
controlled multicenter trial. Am. J. Respir. Crit. Care Med. 180 (7), 640–648.
doi:10.1164/rccm.200903-0363OC

Miller, L., Singbartl, K., Chroneos, Z. C., Ruiz-Velasco, V., Lang, C. H., and
Bonavia, A. (2019). Resistin directly inhibits bacterial killing in neutrophils.
Intensive Care Med. Exp. 7 (1), 30. doi:10.1186/s40635-019-0257-y

Mishra, M., Byrd, M. S., Sergeant, S., Azad, A. K., Parsek, M. R., McPhail, L., et al.
(2012). Pseudomonas aeruginosa Psl polysaccharide reduces neutrophil
phagocytosis and the oxidative response by limiting complement-mediated

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6442709

Shen et al. Targeting Neutrophils in Sepsis

https://doi.org/10.1097/SLA.0000000000001807
https://doi.org/10.3324/haematol.2018.201913
https://doi.org/10.3324/haematol.2018.201913
https://doi.org/10.1097/CCM.0000000000003685
https://doi.org/10.1186/cc13983
https://doi.org/10.1038/s41598-017-19091-2
https://doi.org/10.1038/s41598-017-19091-2
https://doi.org/10.1073/pnas.0608647104
https://doi.org/10.1073/pnas.0608647104
https://doi.org/10.1007/978-3-319-63245-2_8
https://doi.org/10.1182/blood-2010-09-308387
https://doi.org/10.1097/QCO.0b013e3283528c9b
https://doi.org/10.1038/s41577-020-0407-1
https://doi.org/10.1182/blood-2016-03-700336
https://doi.org/10.1182/blood-2016-03-700336
https://doi.org/10.1189/jlb.3A0217-051RR
https://doi.org/10.1172/JCI5779
https://doi.org/10.1172/JCI5779
https://doi.org/10.1084/jem.20141813
https://doi.org/10.1126/science.1109237
https://doi.org/10.1186/s13054-016-1250-4
https://doi.org/10.2174/1871529x15666150108113236
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.1371/journal.pone.0125906
https://doi.org/10.1016/j.intimp.2013.10.002
https://doi.org/10.1016/j.intimp.2013.10.002
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1016/j.surg.2014.04.009
https://doi.org/10.1182/blood-2012-05-432674
https://doi.org/10.1161/ATVBAHA.116.307401
https://doi.org/10.1097/SHK.0000000000000396
https://doi.org/10.3390/ijms21041391
https://doi.org/10.1038/nri3660
https://doi.org/10.1002/14651858.CD004388.pub6
https://doi.org/10.1002/14651858.CD004388.pub6
https://doi.org/10.1164/rccm.201001-0088OC
https://doi.org/10.1002/bjs5.50265
https://doi.org/10.1182/blood-2014-07-587709
https://doi.org/10.1182/blood-2014-07-587709
https://doi.org/10.1038/nm.2184
https://doi.org/10.1016/j.chom.2012.06.011
https://doi.org/10.1016/j.chom.2012.06.011
https://doi.org/10.1038/s41467-020-20231-y
https://doi.org/10.1164/rccm.200903-0363OC
https://doi.org/10.1186/s40635-019-0257-y
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


opsonization. Cell Microbiol. 14 (1), 95–106. doi:10.1111/j.1462-5822.2011.
01704.x

Morris, A. C., Brittan, M., Wilkinson, T. S., McAuley, D. F., Antonelli, J.,
McCulloch, C., et al. (2011). C5a-mediated neutrophil dysfunction is RhoA-
dependent and predicts infection in critically ill patients. Blood 117 (19),
5178–5188. doi:10.1182/blood-2010-08-304667

Murao, A., Arif, A., Brenner, M., Denning, N. L., Jin, H., Takizawa, S., et al. (2020).
Extracellular CIRP and TREM-1 axis promotes ICAM-1-Rho-mediated
NETosis in sepsis. FASEB J. 34 (7), 9771–9786. doi:10.1096/fj.202000482R

Navarini, A. A., Lang, K. S., Verschoor, A., Recher, M., Zinkernagel, A. S., Nizet, V.,
et al. (2009). Innate immune-induced depletion of bone marrow neutrophils
aggravates systemic bacterial infections. Proc. Natl. Acad. Sci. USA 106 (17),
7107–7112. doi:10.1073/pnas.0901162106

Orozco, H., Arch, J., Medina-Franco, H., Pantoja, J. P., Gonzalez, Q. H., Vilatoba,
M., et al. (2006). Molgramostim (GM-CSF) associated with antibiotic treatment
in nontraumatic abdominal sepsis: a randomized, double-blind, placebo-
controlled clinical trial. Arch. Surg. 141 (2), 150–153. doi:10.1001/archsurg.
141.2.150

Papayannopoulos, V. (2018). Neutrophil extracellular traps in immunity and
disease. Nat. Rev. Immunol. 18 (2), 134–147. doi:10.1038/nri.2017.105

Peterson, M. W., Walter, M. E., and Nygaard, S. D. (1995). Effect of neutrophil
mediators on epithelial permeability. Am. J. Respir. Cell Mol. Biol. 13 (6),
719–727. doi:10.1165/ajrcmb.13.6.7576710

Pillay, J., den Braber, I., Vrisekoop, N., Kwast, L. M., de Boer, R. J., Borghans, J. A.,
et al. (2010). In vivo labeling with 2H2O reveals a human neutrophil lifespan of
5.4 days. Blood 116 (4), 625–627. doi:10.1182/blood-2010-01-259028

Pillay, J., Kamp, V. M., van Hoffen, E., Visser, T., Tak, T., Lammers, J. W., et al.
(2012). A subset of neutrophils in human systemic inflammation inhibits T cell
responses through Mac-1. J. Clin. Invest. 122 (1), 327–336. doi:10.1172/
JCI57990

Presneill, J. J., Harris, T., Stewart, A. G., Cade, J. F., and Wilson, J. W. (2002). A
randomized phase II trial of granulocyte-macrophage colony-stimulating factor
therapy in severe sepsis with respiratory dysfunction. Am. J. Respir. Crit. Care
Med. 166 (2), 138–143. doi:10.1164/rccm.2009005

Reddy, R. C., Narala, V. R., Keshamouni, V. G., Milam, J. E., Newstead, M. W., and
Standiford, T. J. (2008). Sepsis-induced inhibition of neutrophil chemotaxis is
mediated by activation of peroxisome proliferator-activated receptor-{gamma}.
Blood 112 (10), 4250–4258. doi:10.1182/blood-2007-12-128967

Rhodes, A., Evans, L. E., Alhazzani, W., Levy, M. M., Antonelli, M., Ferrer, R., et al.
(2017). Surviving sepsis Campaign: international guidelines for management of
sepsis and septic shock. Intensive Care Med. 43 (3), 304–377. doi:10.1007/
s00134-017-4683-6

Roghanian, A., Drost, E. M., MacNee, W., Howie, S. E., and Sallenave, J. M. (2006).
Inflammatory lung secretions inhibit dendritic cell maturation and function via
neutrophil elastase. Am. J. Respir. Crit. Care Med. 174 (11), 1189–1198. doi:10.
1164/rccm.200605-632OC

Root, R. K., Lodato, R. F., Patrick, W., Cade, J. F., Fotheringham, N., Milwee, S.,
et al. (2003). Multicenter, double-blind, placebo-controlled study of the use of
filgrastim in patients hospitalized with pneumonia and severe sepsis. Crit. Care
Med. 31 (2), 367–373. doi:10.1097/01.CCM.0000048629.32625.5D

Rubio, F., Cooley, J., Accurso, F. J., and Remold-O’Donnell, E. (2004). Linkage of
neutrophil serine proteases and decreased surfactant protein-A (SP-A) levels in
inflammatory lung disease. Thorax 59 (4), 318–323. doi:10.1136/thx.2003.
014902

Rubio, I., Osuchowski, M. F., Shankar-Hari, M., Skirecki, T., Winkler, M. S.,
Lachmann, G., et al. (2019). Current gaps in sepsis immunology: new
opportunities for translational research. Lancet Infect. Dis. 19 (12),
e422–e436. doi:10.1016/S1473-3099(19)30567-5

Saito, H., Lai, J., Rogers, R., and Doerschuk, C. M. (2002). Mechanical properties of
rat bone marrow and circulating neutrophils and their responses to
inflammatory mediators. Blood 99 (6), 2207–2213. doi:10.1182/blood.v99.6.
2207

Santos, S. S., Brunialti, M. K., Rigato, O., Machado, F. R., Silva, E., and Salomao, R.
(2012). Generation of nitric oxide and reactive oxygen species by neutrophils
and monocytes from septic patients and association with outcomes. Shock 38
(1), 18–23. doi:10.1097/SHK.0b013e318257114e

Semeraro, F., Ammollo, C. T., Morrissey, J. H., Dale, G. L., Friese, P., Esmon, N. L.,
et al. (2011). Extracellular histones promote thrombin generation through

platelet-dependent mechanisms: involvement of platelet TLR2 and TLR4. Blood
118 (7), 1952–1961. doi:10.1182/blood-2011-03-343061

Shen, X. F., Cao, K., Jiang, J. P., Guan, W. X., and Du, J. F. (2017a). Neutrophil
dysregulation during sepsis: an overview and update. J. Cell Mol. Med. 21 (9),
1687–1697. doi:10.1111/jcmm.13112

Shen, X. F., Zhao, Y., Cao, K., Guan, W. X., Li, X., Zhang, Q., et al. (2017b). Wip1
deficiency promotes neutrophil recruitment to the infection site and improves
sepsis outcome. Front. Immunol. 8, 1023. doi:10.3389/fimmu.2017.01023

Shen, X. F., Zhao, Y., Jiang, J. P., Guan, W. X., and Du, J. F. (2017c). Phosphatase
Wip1 in immunity: an overview and update. Front. Immunol. 8, 8. doi:10.3389/
fimmu.2017.00008

Silvestre-Roig, C., Hidalgo, A., and Soehnlein, O. (2016). Neutrophil heterogeneity:
implications for homeostasis and pathogenesis. Blood 127 (18), 2173–2181.
doi:10.1182/blood-2016-01-688887

Singer, M., Deutschman, C. C. S., Seymour, C. W., Shankar-Hari, M., Annane, D.,
Bauer, M., et al. (2016). The third international consensus definitions for sepsis
and septic shock (Sepsis-3). JAMA 315 (8), 801–810. doi:10.1001/jama.2016.
0287

Souto, F. O., Alves-Filho, J. C., Turato, W. M., Auxiliadora-Martins, M., Basile-
Filho, A., and Cunha, F. Q. (2011). Essential role of CCR2 in neutrophil tissue
infiltration and multiple organ dysfunction in sepsis. Am. J. Respir. Crit. Care
Med. 183 (2), 234–242. doi:10.1164/rccm.201003-0416OC

Taneja, R., Sharma, A. P., Hallett, M. B., Findlay, G. P., and Morris, M. R. (2008).
Immature circulating neutrophils in sepsis have impaired phagocytosis and
calcium signaling. Shock 30 (6), 618–622. doi:10.1097/SHK.0b013e318173ef9c

Tang, B. M., McLean, A. S., Dawes, I.W., Huang, S. J., and Lin, R. C. (2007). The use
of gene-expression profiling to identify candidate genes in human sepsis. Am.
J. Respir. Crit. Care Med. 176 (7), 676–684. doi:10.1164/rccm.200612-1819OC

Thompson, A. A., Elks, P. M., Marriott, H. M., Eamsamarng, S., Higgins, K. R.,
Lewis, A., et al. (2014). Hypoxia-inducible factor 2alpha regulates key
neutrophil functions in humans, mice, and zebrafish. Blood 123 (3),
366–376. doi:10.1182/blood-2013-05-500207

van Grinsven, E., Textor, J., Hustin, L. L. S. P., Wolf, K., Koenderman, L., and
Vrisekoop, N. (2019). Immature neutrophils released in acute inflammation
exhibit efficient migration despite incomplete segmentation of the nucleus.
J. Immunol. 202 (1), 207–217. doi:10.4049/jimmunol.1801255

von Bruhl, M. L., Stark, K., Steinhart, A., Chandraratne, S., Konrad, I., Lorenz, M.,
et al. (2012). Monocytes, neutrophils, and platelets cooperate to initiate and
propagate venous thrombosis in mice in vivo. J. Exp. Med. 209 (4), 819–835.
doi:10.1084/jem.20112322

Wang, J., Hossain, M., Thanabalasuriar, A., Gunzer, M., Meininger, C., and Kubes,
P. (2017). Visualizing the function and fate of neutrophils in sterile injury and
repair. Science 358 (6359), 111–116. doi:10.1126/science.aam9690

Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., et al. (2009). Histone
hypercitrullination mediates chromatin decondensation and neutrophil
extracellular trap formation. J. Cell Biol. 184 (2), 205–213. doi:10.1083/jcb.
200806072

Wickel, D. J., Cheadle, W. G., Mercer-Jones, M. A., and Garrison, R. N. (1997).
Poor outcome from peritonitis is caused by disease acuity and organ failure, not
recurrent peritoneal infection. Ann. Surg. 225 (6), 744–756. doi:10.1097/
00000658-199706000-00012

Woodfin, A., Beyrau, M., Voisin, M. B., Ma, B., Whiteford, J. R., Hordijk, P. L., et al.
(2016). ICAM-1-expressing neutrophils exhibit enhanced effector functions in
murine models of endotoxemia. Blood 127 (7), 898–907. doi:10.1182/blood-
2015-08-664995

Xie, X., Shi, Q., Wu, P., Zhang, X., Kambara, H., Su, J., et al. (2020). Single-cell
transcriptome profiling reveals neutrophil heterogeneity in homeostasis and
infection. Nat. Immunol. 21 (9), 1119–1133. doi:10.1038/s41590-020-0736-z

Xiong, Y., and Medvedev, A. E. (2011). Induction of endotoxin tolerance in vivo
inhibits activation of IRAK4 and increases negative regulators IRAK-M, SHIP-
1, and A20. J. Leukoc. Biol. 90 (6), 1141–1148. doi:10.1189/jlb.0611273

Xu, J., Zhang, X., Pelayo, R., Monestier, M., Ammollo, C. T., Semeraro, F., et al.
(2009). Extracellular histones are major mediators of death in sepsis. Nat. Med.
15 (11), 1318–1321. doi:10.1038/nm.2053

Yildiz, C., Palaniyar, N., Otulakowski, G., Khan, M. A., Post, M., Kuebler, W. M.,
et al. (2015). Mechanical ventilation induces neutrophil extracellular trap
formation. Anesthesiology 122 (4), 864–875. doi:10.1097/ALN.
0000000000000605

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 64427010

Shen et al. Targeting Neutrophils in Sepsis

https://doi.org/10.1111/j.1462-5822.2011.01704.x
https://doi.org/10.1111/j.1462-5822.2011.01704.x
https://doi.org/10.1182/blood-2010-08-304667
https://doi.org/10.1096/fj.202000482R
https://doi.org/10.1073/pnas.0901162106
https://doi.org/10.1001/archsurg.141.2.150
https://doi.org/10.1001/archsurg.141.2.150
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1165/ajrcmb.13.6.7576710
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.1172/JCI57990
https://doi.org/10.1172/JCI57990
https://doi.org/10.1164/rccm.2009005
https://doi.org/10.1182/blood-2007-12-128967
https://doi.org/10.1007/s00134-017-4683-6
https://doi.org/10.1007/s00134-017-4683-6
https://doi.org/10.1164/rccm.200605-632OC
https://doi.org/10.1164/rccm.200605-632OC
https://doi.org/10.1097/01.CCM.0000048629.32625.5D
https://doi.org/10.1136/thx.2003.014902
https://doi.org/10.1136/thx.2003.014902
https://doi.org/10.1016/S1473-3099(19)30567-5
https://doi.org/10.1182/blood.v99.6.2207
https://doi.org/10.1182/blood.v99.6.2207
https://doi.org/10.1097/SHK.0b013e318257114e
https://doi.org/10.1182/blood-2011-03-343061
https://doi.org/10.1111/jcmm.13112
https://doi.org/10.3389/fimmu.2017.01023
https://doi.org/10.3389/fimmu.2017.00008
https://doi.org/10.3389/fimmu.2017.00008
https://doi.org/10.1182/blood-2016-01-688887
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1164/rccm.201003-0416OC
https://doi.org/10.1097/SHK.0b013e318173ef9c
https://doi.org/10.1164/rccm.200612-1819OC
https://doi.org/10.1182/blood-2013-05-500207
https://doi.org/10.4049/jimmunol.1801255
https://doi.org/10.1084/jem.20112322
https://doi.org/10.1126/science.aam9690
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1083/jcb.200806072
https://doi.org/10.1097/00000658-199706000-00012
https://doi.org/10.1097/00000658-199706000-00012
https://doi.org/10.1182/blood-2015-08-664995
https://doi.org/10.1182/blood-2015-08-664995
https://doi.org/10.1038/s41590-020-0736-z
https://doi.org/10.1189/jlb.0611273
https://doi.org/10.1038/nm.2053
https://doi.org/10.1097/ALN.0000000000000605
https://doi.org/10.1097/ALN.0000000000000605
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yipp, B. G., and Kubes, P. (2013). NETosis: how vital is it? Blood 122 (16),
2784–2794. doi:10.1182/blood-2013-04-457671

Yipp, B. G., Petri, B., Salina, D., Jenne, C. N., Scott, B. N., Zbytnuik, L. D., et al.
(2012). Infection-induced NETosis is a dynamic process involving neutrophil
multitasking in vivo. Nat. Med. 18 (9), 1386–1393. doi:10.1038/nm.2847

Zhang, C. Y., Dong, X., Gao, J., Lin, W., Liu, Z., andWang, Z. (2019). Nanoparticle-
induced neutrophil apoptosis increases survival in sepsis and alleviates
neurological damage in stroke. Sci. Adv. 5 (11), eaax7964. doi:10.1126/
sciadv.aax7964

Zhang, D., Chen, G., Manwani, D., Mortha, A., Xu, C., Faith, J. J., et al. (2015).
Neutrophil ageing is regulated by the microbiome. Nature 525 (7570), 528–532.
doi:10.1038/nature15367

Zhang, Y., Zhou, Y., Lou, J., Li, J., Bo, L., Zhu, K., et al. (2010). PD-L1 blockade
improves survival in experimental sepsis by inhibiting lymphocyte apoptosis and
reversing monocyte dysfunction. Crit. Care 14 (6), R220. doi:10.1186/cc9354

Zhao, S., Chen, F., Yin, Q., Wang, D., Han, W., and Zhang, Y. (2020). Reactive
oxygen species interact with NLRP3 inflammasomes and are involved in the
inflammation of sepsis: from mechanism to treatment of progression. Front.
Physiol. 11, 571810. doi:10.3389/fphys.2020.571810

Conflict of Interest: 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 © 2021 Shen, Cao, Zhao and Du. 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 Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 64427011

Shen et al. Targeting Neutrophils in Sepsis

https://doi.org/10.1182/blood-2013-04-457671
https://doi.org/10.1038/nm.2847
https://doi.org/10.1126/sciadv.aax7964
https://doi.org/10.1126/sciadv.aax7964
https://doi.org/10.1038/nature15367
https://doi.org/10.1186/cc9354
https://doi.org/10.3389/fphys.2020.571810
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Targeting Neutrophils in Sepsis: From Mechanism to Translation
	Introduction
	Role of Neutrophils in Sepsis
	Dysregulated Migration of Neutrophils

	Impaired Antimicrobial Activity of Neutrophils in Sepsis
	Recognition of Pathogen or Pathogen Products
	Antimicrobial Function
	Detrimental Effects of Improper Activation of Neutrophils

	Life Span and Immature Form of Neutrophils
	Increased Life Span of Neutrophils
	Generation of Immature Form of Neutrophils
	Suppressive Function of Neutrophils in Sepsis
	Role of Neutrophil Extracellular Traps in Sepsis
	Beneficial Role of NETs in Sepsis
	Detrimental Role of NETs in Sepsis
	Potential Therapeutic Strategy Targeting Neutrophils for Sepsis Treatment
	Future Perspectives
	What Is New?

	Author Contributions
	Funding
	References


