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1 | INTRODUCTION

Neutrophils are important immune cells, defensing against
microbial infections and eliminating pathogenic bacteria.!

Abstract

Neutrophils are important immune cells act as the body’s first line of defense
against infection and respond to diverse inflammatory cues. Many studies have
demonstrated that neutrophils display plasticity in inflammatory diseases and
cancers. Clarifying the role of neutrophil heterogeneity in inflammatory diseases
and cancers will contribute to the development of novel treatment strategies.
In this review, we have presented a review on the development of the under-
standing on neutrophil heterogeneity from the traditional perspective and a
high-resolution viewpoint. A growing body of evidence has confirmed the
double-edged role of neutrophils in inflammatory diseases and tumors. This
may be due to a lack of precise understanding of the role of specific neutrophil
subsets in the disease. Thus, elucidating specific neutrophil subsets involved in
diseases would benefit the development of precision medicine. Thusly, we have
summarized the relevance and actions of neutrophil heterogeneity in inflamma-
tory diseases and cancers comprehensively. Meanwhile, we also discussed the
potential intervention strategy for neutrophils. This review is intended to deepen
our understanding of neutrophil heterogeneity in inflammatory diseases and
cancers, while hold promise for precise treatment of neutrophil-related diseases.
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Differentiated and developed in the bone marrow, neu-
trophils would release and migrate into the blood or
tissues, accounting for approximately 50—70% of circulat-
ing leukocytes.” Various antimicrobial enzymes are found
in neutrophils, including myeloperoxidase, acid hydrolytic

#These authors contributed equally to this work.

enzymes, and elastase.> As a result of being stimulated
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FIGURE 1
created with BioRender.com.

by the products of pathogenic bacteria, neutrophils would
produce antimicrobial enzymes and display their defen-
sive capabilities. Aside from its important defensive role
in combating infections, neutrophils could also trigger
inflammatory responses at the site of infection, which in
turn lead to immunopathological changes.*> Therefore, it
is important to clarify the double-edged role of neutrophils
in the body.

Studies in mounting numbers have identified that phe-
notypically and functionally distinct neutrophil subtypes
that exist in circulating or tissue neutrophils under phys-
iological or pathological conditions.® In recent years,
with the development of single-cell multiomics sequenc-
ing technology and mass cytometry, the accurate and
unbiased classification of neutrophils has greatly facili-
tated our understanding of neutrophil heterogeneity.”* A
growing number of researchers are finding that the role of
different neutrophil subsets in disease may be complex, as
some subsets can contribute to the disease process while
others would inhibit disease progression.” The dual role
of neutrophil heterogeneity in inflammatory diseases and
cancers has gained increasing attention.'®! It is hoped
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Schematic representation of the neutrophil heterogeneity in inflammatory diseases and cancers (in blue). This figure is

that elucidating the role of neutrophil heterogeneity in dis-
eases would lead to a new era of precision medicine in
inflammation and cancer-related diseases.

Therefore, this review aims to highlight the double-
edged role of neutrophils in diseases, systematically sum-
marizing the important roles of neutrophil heterogeneity
in inflammatory diseases and cancers. Meanwhile, the
potential intervention strategy for neutrophils has been
discussed. Overall, this review is intended to deepen our
understanding of neutrophil heterogeneity in inflamma-
tory diseases and cancers, holding promise for precise
treatment of neutrophil-related diseases (Figure 1).

2 | THE FUNCTIONS AND THE
DOUBLE-EDGED ROLE OF
NEUTROPHILS

2.1 | Neutrophils in homeostasis

Neutrophils have long been considered as an important
part of the innate immune system, playing a pivotal role in
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controlling infectious diseases.'? In physiological context,
inactivated neutrophils move slowly in the circulation.
The origin of neutrophils is derived from hematopoietic
cords located at venous sinuses in the bone marrow and
derive from a common committed myeloid progenitor
cell.! The neutrophils development are stimulated by
transcription factors, proteins, and receptors such as Egrl,
HoxB7, S100A8, S100A9, N-formyl-methionyl-leucyl-
phenylalanine receptor and granulocyte-macrophage
colony stimulating factor receptor.*~'® The neutrophil
maturation process consists of the following steps: myelo-
blast—promyelocyte—myelocyte—metamyelocyte—band
cell-polymorphonuclear segmented cell. In general,
granulocyte colony stimulating factor (G-CSF) directs the
commitment of progenitor cells to the myeloid lineage,
promotes proliferation of neutrophil precursors, reduces
the transit time through the compartment, and releases
of mature neutrophils out of the bone marrow. Once
maturation has been completed in the bone marrow and
the pool of mature cells is released into the circulation,
neutrophils circulate with a set of preformed adhesion
and chemotactic receptors and effector proteins to rapidly
migrate and respond to multiple microbial and sterile
challenges."’

2.2 | Neutrophils in response to
stimulation

Upon stimulation by external signals, these neutrophils
move rapidly toward the injury site and effect in elim-
inating pathogenic bacteria and phagocytosis of injured
cells.'®” Neutrophils and their derivatives, such as
cytokines, reactive oxygen species (ROS), and neutrophils
extracellular traps (NETs), are involved in both innate and
adaptive immune responses, influencing the function of
other immune cells in various ways and thus participate
in the disease process.'® Neutrophils and NETs could pro-
mote macrophage release cytokine while enhancing den-
dritic cells recruitment and antigen presentation.”’ Fur-
thermore, by regulating cytokine and growth factor pro-
duction, neutrophils would promote innate immune res-
olution and repair. In addition, neutrophils might trigger
B cell expansion and antibody production.?’ Neutrophils
and their derivatives could also affect T cell cytokine pro-
duction and differentiation, thereby influencing T cell
function.?? During the process of infection or tissue dam-
age, a diverse array of signals could mediate neutrophil
activation and forward migration toward the site of dam-
age. Many studies have found that blocked recruitment of
neutrophils would lead to the spread of pathogens to the
blood and vital organs, resulting in systemic infection and
even death.”>”?° Important signals establishing chemoat-

tractant gradients that could take effect in neutrophil
recruitment and migration include pathogen-associated
molecular patterns and/or damage-associated molecular
patterns (DAMPs), hydrogen peroxide (H,0,), fMet-Leu-
Phe (fMLP), lipid mediators, chemokines, and so on.*®
As early signals, DAMPs have been reported to be respon-
sible for early neutrophil recruitment. DAMPs could be
sensed by pattern recognition receptors (PRRs), includ-
ing Toll-like receptors (TLRs) and NOD-like receptors.’®?’
They would bind to and activate G-protein-coupled recep-
tors (GPCRs) on neutrophils, thereby inducing resident
cells to produce inflammatory mediators and to modulate
neutrophil migration, function and behavior.?® N-formyl
peptides, such as fMLP, is another early signal which
could trigger neutrophil chemotaxis and activation.?->!
Derived from bacterial proteins or released from mito-
chondria after tissue damage, they would activate human
neutrophils by binding to the GPCRs FPR1, FPR2, and
FPR3. H,0, could promote chemotaxis of human and
mouse neutrophils.*>** At present, SRC family kinases
(SFKs) have been reported to be a direct sensor to H,0,,
required for neutrophils.®? Interestingly, the peak of H,0,
production occurred around 30 min after injury, and the
signal was completely abolished by myeloperoxidase activ-
ity of injury-associated neutrophils 1 h later.>* Chemokines
and lipid mediators usually cause long-term chemotactic
signaling in order to facilitate more sustained recruit-
ment and migration of neutrophils.**~*” Many studies have
reported the involvement of chemokines in neutrophil
migration, including CXCL1, CXCL2, CXCL3, CXCLS5,
CXCL6, CXCL7, and CXCL8.3** These chemokines may
be derived from immune and nonimmune cells dur-
ing tissue infection and injury.*** Neutrophils would
sense these chemokines through the GPCRs, CXCRI1, and
CXCR2,** leading to downstream signaling activation of
vasodilator-stimulated phosphoprotein, phosphoinositide
3-kinase, and SFKs, contributing to neutrophil-directed
migration.***” Lipid mediators, including leukotriene B4
(LTB4), 5-0x0-ETE, and 5-KETE, derived from arachidonic
acid, could induce neutrophil chemotaxis.**>" During the
process of chemotaxis, neutrophils must integrate mul-
tiple chemical signals, respond to physical constraints,
and prioritize their directional decisions to generate an
efficient immune response. A recent study reported that
neutrophils were more likely to choose paths with the
steepest chemoattractant gradient and the most direct
approach angle, and the migration efficiency across pla-
nar chambers was inversely correlated with chamber
diameter.”! Many studies have focused on the effect of
specific molecules on the migration efficiency of neu-
trophils. For example, G-protein-coupled receptor GPR35
was upregulated in activated neutrophils, and it promoted
their migration.”> Another study reported that CXCLI,
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derived from endothelial cells, and CXCL2, which was
derived from neutrophils, acted in a sequential manner
to guide neutrophils through venular walls.”® In addi-
tion, many other molecules, including filamin A, ICAM-1,
IL-8, G protein signaling 5 (RGS5), Glia maturation factor-
gamma, and MMP2, have also been reported to be involved
in affecting the efficiency of neutrophil migrate.* > At the
site of damaged or infected tissue, neutrophils would fight
against pathogens mainly through phagocytosis and pro-
duction of ROS, bactericidal granulocytes, and NETs.>® We
would focus on the specific effects of neutrophils in the
context of different diseases. After the acute inflammatory
phase, neutrophil resolution has been shown to be criti-
cal in preventing tissue damage and transition to chronic
wounds.®’ Neutrophil resolution would occur through
neutrophil apoptosis or necrosis, with subsequent clear-
ance by macrophages.®' Interestingly, some studies have
reported that neutrophils would leave the site of damaged
or infected tissue in a process termed neutrophil reverse
migration.”®! Wang et al.®? reported that neutrophils can
migrate from the site of inflammation to the blood ves-
sels, and then subsequently return to the bone marrow
to promote apoptosis. This process has been known as
reverse migration and could also occur through reverse
transendothelial migration.®® Neutrophils could leave the
wound in other ways as well, such as metastasis from
adjacent tissues and lymphatic metastasis, and eventually
spread to other parts of the body.®* The reverse migra-
tion of neutrophils played a crucial role in accelerating
the resolution of inflammation.®> However, another study
reported that the return of neutrophils from the wound site
to the blood vessel might contribute to the spread of sys-
temic inflammation.°® This contradiction may be caused
by different disease backgrounds. The possible mech-
anisms of neutrophil reverse migration involved adhe-
sion molecule C (JAM-C)-mediated abnormal endothe-
lial cell function, HIF signaling pathway mechanism,
lipid mediating mechanism, and CXCL12/CXCR4 sig-
nal axis mechanism.®’~’° In addition, macrophages could
also promote neutrophil reverse migration.”! Moreover,
a recent study highlighted the importance of vascular
permeability in neutrophil reverse migration.”” Several
studies have described the important role of neutrophil
swarming in diseases.”>” Neutrophil swarming is the
formation of a population of neutrophils in infected tis-
sues. The coordination of this population response is
essential for the removal of bacteria.” As reported, a
cell-intrinsic stop mechanism for the self-organization of
collective behavior suggested the crucial role of GPCR
desensitization in attenuating the self-organized swarm-
ing dynamics of neutrophils. In detail, when neutrophils
sense high concentrations of swarm-secreted attractants
(LTB4 and CXCL2), the GPCR kinase GRK2 desensitizes

the corresponding GPCRs to induce migration arrest.”?

This is a critical step for tissue repair after infection.
To date, however, the exact mechanism of neutrophil
reverse migration remains unclear. Further research is
required to determine the effect of neutrophil reverse
migration on different diseases and how to accurately
intervene.

2.3 | The double-edged role of
neutrophils

Neutrophils play a complex role in diseases, with the
ability to both promote and inhibit disease progression.
They can promote tumor growth and metastatic progres-
sion through the secretion of tumor-promoting cytokines,
enhancement of tumor angiogenesis, modulation of the
extracellular matrix, support of tumor cell dissemination,
priming of the premetastatic niche, and suppression of
antitumor immune responses.”*”’® However, neutrophils
can also limit tumor growth and metastatic progres-
sion through direct cytotoxicity, antibody-dependent cell-
mediated cytotoxicity, and inducing adaptive antitumor
immunity.””*? The double-edged role of neutrophils in
diseases, both promoting and suppressing diseases, has
garnered attention from researchers, with most recent
studies highlighting the existence of different subsets of
neutrophils with varying functions in blood or tissues.?*%*
Neutrophils exhibit heterogeneity in both physiological
and pathological conditions.®* Specific signals at different
developmental stages or disease backgrounds would drive
neutrophil heterogeneity.” We will discuss this in detail in
the context of different diseases. Clarification of neutrophil
heterogeneity may help explain the dual role of neutrophils
in diseases, and understanding the complicated role of
neutrophils might benefit the development of treatment
for a great many diseases. Therefore, in this review, we
focus on how to analyze neutrophil heterogeneity and its
double-sided role in the course of inflammatory diseases
and tumors.

3 | METHODS OF STUDYING
NEUTROPHIL HETEROGENEITY

The advent of high-resolution methods coupled with
investigations of traditional methods in recent years has
helped us to reveal the presence of heterogeneity in neu-
trophils, as presented in various phenotypes, under phys-
iological and pathological contexts®*#> (Figure 2). Neu-
trophils from different subpopulations function diversely
in inflammatory diseases and cancers, which merits fur-
ther exploration.®’-%
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3.1 | Studies on neutrophils by the
traditional methods

Neutrophil heterogeneity has historically been defined
as high- and low-density neutrophils (HDNs and LDNs)
through its physical properties.”’~®> This easy classifi-
cation of cells has resulted in the retention of this
widely accepted definition, despite the lack of informa-
tion at high resolution.’”%* It is generally accepted that
LDNs are immature neutrophils containing few granule
enzymes, whereas HDNs are mature neutrophils with
higher levels of granule enzymes.'394-9 However, com-
plex transitions between these two subpopulations occur
in pathological scenarios.”””® Neutrophils often undergo
changes in their nucleus and surface marker genes as
they mature and develop.'*”° There are three neutrophil
subsets in the mouse bone marrow, including a com-
mitted proliferative precursor terming preneutrophils,
which would sequentially differentiate into nonprolifer-
ating immature and mature neutrophils. Preneutrophils
express CD177, whereas differential expression of C-X-
C chemokine receptor 4 (CXCR4), CXCR2 and CD101
allows for discrimination between immature neutrophils
(which are CXCR27CD1017) and mature neutrophils
(which are CXCR2+CD1017).°~19" As neutrophils mature,
surface expression of markers gradually increases, such
as CD62L, CD101, or glycosylphosphatidylinositol-linked
receptor Ly6G in mice.®*** Physiologically, neutrophils

¢ Single-cell multiome seq has enabled
unbiased, high-throughput, and high-
resolution transcriptomic analysis of
individual cells based on gene expression.

e CyTOF has enabled high-dimensional
profiling and unbiased/algorithmic
clustering of immune cells base on
protein expression.

Development of understanding of neutrophils. This figure is created with BioRender.com.

would release into the circulation and enter into tissues
within a few days, often relying on specific adhesion
molecules and regulated by circadian rhythm.”®102-106
While under pathological conditions, neutrophils behave
in a more complex manner. To be specific, neutrophils die
in inflamed or damaged tissues and are even recruited back
to the bone marrow by regulating the expression of related
receptors.>'97 Attempts have also been made to differen-
tiate the functional differences of neutrophils in cancers
according to their density.”*~%10%10% Even so, this relies on
non-high-resolution information, and it often appears to
be inaccurate. As an example, some studies have demon-
strated that immature LDNs have the ability to promote
cancer progression or immunosuppression.''’"'? While
some other studies have suggested that mature neutrophils
may also possess these same properties.””?>!13 Conse-
quently, researches on neutrophil heterogeneity under
non-high-resolution conditions have been of limited pre-
cision and have substantially limited our understanding.

3.2 | Studies on neutrophils by
high-resolution methods

Recently, the development of novel technologies, includ-
ing single-cell transcriptome sequencing, single-cell assay
for transposase-accessible chromatin sequencing and
mass cytometry, has greatly promoted the accurate and
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unbiased classification of neutrophils, thus contributing
to the advancement of neutrophil heterogeneity."'*''” In
humans, mice, non-human primates, and even other
mammals, researchers have examined the heterogeneity
of neutrophils derived from bone marrow in depth, lay-
ing the foundation for understanding how neutrophils
develop.!t18-122 Studies have revealed that in healthy
individuals, 45—65% of circulating neutrophils are CD177t,
and about 20—25% of circulating neutrophils express
the glycoprotein olfactomedin 4 (OLFM4).!%123 The pres-
ence of other circulating neutrophil subpopulations,
for example, those expressing the T cell receptor af
(TCRaB)t or proangiogenic CD49d+tCXCR4" vascular
endothelial growth factor (VEGFR1)", is also observed
in healthy individuals.'"**'>> Further evidence has been
provided that these circulating neutrophils presented in
mice.'?° In addition, the proportion of CXCR4~CD62L*
and CXCR4*TCD62L~ circulating neutrophils in healthy
individuals followed the diurnal regime. The immature
CD66bTCD10~ neutrophils would generate antibacterial
granules, ready to enter into the circulation in response to
external signals.'?” These neutrophils, despite their "imma-
ture state,” are capable of performing innate immune
functions and display functional plasticity, as well as
immunoregulatory properties.'?®'?” Physiologically, het-
erogeneity of circulating neutrophils and neutrophils in
tissue is more complex. A more comprehensive discus-
sion would be conducted in the following context relating
to multiple diseases. Researchers have developed com-
putational methods to infer cell differentiation trajec-
tories, however, experimental validation has yet to be
achieved.'**! In addition, a further study of the hetero-
geneity of neutrophils across species is also worthwhile.

4 | NEUTROPHIL HETEROGENEITY IN
DISEASES

4.1 | Neutrophil heterogeneity in
inflammation-related diseases

In both acute and chronic inflammation, the genetic struc-
tures of neutrophils appear to undergo a reprogramming
process due to the stimulation of external signals, result-
ing in dynamic transitions between subpopulations.'*3#
In inflammatory diseases, infection or ischemia can induce
the production of G-CSF, GM-CSF, or other myelopoi-
etic factors, which contribute to different functional
neutrophils.’*>%7 We will discuss what factors would
contribute to neutrophil heterogeneity in the context
of diseases. There has been evidence that neutrophil
plasticity and heterogeneity are involved in the process
of various inflammatory diseases, both physiologically

and pathologically.® In addition, neutrophils would not
only present proinflammation activity via proinflamma-
tion neutrophils, neutrophil extracellular traps (NETSs),
and different neutrophil subsets linked with inflamma-
tion process, but also hold anti-inflammation capacities
through various pathways, including anti-inflammation
neutrophils, NETs, and neutrophil subsets that would
inhibit inflammation process (Figure 3). Therefore, analyz-
ing neutrophil heterogeneity is of great significance in the
field of inflammation-related diseases, including liver dis-
eases, kidney diseases, respiratory diseases, cardiovascular
diseases, and inflammatory bowel diseases (IBDs).

411 | Liver diseases

Liver diseases, including alcoholic liver injury, nonalco-
holic fatty liver disease, liver fibrosis, and liver failure,
pose serious threats to human life. Neutrophils function
vitally in the above-mentioned diseases."**!*° The accumu-
lation of neutrophils in liver tissue promotes liver injury
has been reported by multiple research teams.'*"'*? Sen-
ger and coworkers'*® found that blocking dipeptidase-1
on endothelial cells could reduce the recruitment of neu-
trophils to liver, improving inflammation in liver tissues.
Thus, reducing the accumulation of neutrophils in liver tis-
sues could alleviate liver injury, offering new hope for clin-
ical treatment of liver injury. Hwang et al.'** also reported
that the overexpression of C-X-C motif chemokine lig-
and 1 (CXCL1) in mice liver drive steatosis-to-nonalcoholic
steatohepatitis (NASH) progression through neutrophil-
derived ROS and activation of stress kinases, and this
process could be reversed by IL-22 treatment. Interestingly,
another study showed that the absence of neutrophils
contributes to resolution of liver inflammation, a pro-
cess associated with neutrophil-induced proinflammatory
macrophage function.'*® It is likely that neutrophils play
different roles for they function distinctively in varied dis-
ease stages. HDNs and LDNs exist in liver tissues from
clinical samples and alcoholic liver injury mice. Alco-
hol could induce HDNs to form NETs, thereby leading
LDNs to reside in the liver and escape been cleaned-
up by macrophages, causing chronic inflammation.'
Kolodziejczyk et al.'*’ reported the presence of two neu-
trophil subpopulations in the liver tissue of a mouse model
of acute liver failure, among which CXCL2* neutrophils
may be involved in disease progression through their
proinflammatory function. In addition, the progression of
fibrosis in patients with chronic viral hepatitis has been
shown to be associated with IL-17(+) neutrophils.'*® At
present, the liaison between some neutrophil subpopula-
tions and liver-related diseases has been analyzed. though,
the causal relationship between these specific neutrophil
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FIGURE 3

subpopulations and diseases remains unclear, warranting
further investigation.

4.1.2 | Kidney diseases

Glomerulonephritis is a common concomitant of sys-
temic lupus erythematosus (SLE).'**>° The proportion
of neutrophils peripheral blood neutrophils and in kid-
neys is significantly increased in SLE patients and mice."!
Among them, LDNs exhibited higher activity."”” Inhi-
bition of infiltrating neutrophils in the kidney amelio-
rated lupus nephritis progression in mice.'”? Neutrophils
also play an important role in other acute and chronic
nephritis progression.'>*>* Neutrophil subpopulations dif-
fer functionally in various kidney diseases. To be specific,
the presence of OLFM4" neutrophils have a negative
impact on sepsis-induced kidney injury, which is asso-
ciated with renal cell apoptosis and increased plasma
creatinine levels.” Skopelja-Gardner et al."*® reported
that acute skin exposure to ultraviolet light drives kid-
ney injury via Ly6G*GFP*ICAM1"CXCR1!° neutrophils.
Another study showed an increase in the proportion of
CD14~CD16~CDI15" neutrophils in the peripheral blood
of patients with chronic nephritis, and the function of
this subset of neutrophils is mainly related to vascular
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Neutrophils show both proinflammation activity or anti-inflammation capacities. This figure is created with BioRender.com.

calcification.””” These findings have further confirmed the
significance of neutrophil heterogeneity in nephritis.’*!>%
Targeting neutrophil elastase has been proven to alleviate
chronic nephritis."”” Nevertheless, the deficiency of effi-
cient drugs that target particular neutrophil subsets exists,
requiring additional exploration. There are relatively few
studies on neutrophil heterogeneity in renal tissues, and
the lack of functional experimental studies on specific
neutrophil subsets also warrant further investigation.

4.1.3 | Respiratory diseases

The essential role of neutrophils in diseases, including
pneumonia, asthma, and chronic obstructive pulmonary
disease (COPD), has gradually aroused researchers’
attention.'®*12 During acute lung infection, neutrophils
are the first to be recruited in large numbers to the
infection site among all cell types, thereby participating
in the initial clearance of infected cells. However, a recent
study reported that impairing alveoli outnumber alveolar
macrophages chemotaxis toward bacteria would induce
superfluous neutrophil recruitment, leading to inappro-
priate inflammation and injury.'®® This illustrates the
double-edged role of neutrophils in respiratory disease.
An increasing number of studies in recent years have
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established the importance of neutrophil heterogeneity in
respiratory diseases.'®*'%> Specifically, the phenotype of
neutrophils alters as a disease progresses.'®® The number
of CD177* neutrophils, CD64" neutrophils and OLFM4+
neutrophils is significantly increased in the peripheral
blood of patients with sepsis and asthma, which has
been confirmed by several studies.'”'”' The CDie"eh
CD62LY™ peutrophils were unveiled to enhance the
response to bradykinin in both human isolated small
airways and murine tracheae.!”” In hemorrhagic shock
and sepsis mouse, inhibition of OLFM4 attenuated lung
inflammation in mice."”>!”® Acute and chronic respiratory
inflammation would mediate the emergence of neutrophil
subsets.”*!”> Another study revealed the impaired acti-
vation and phagocytosis functions of CD123* neutrophils
and PD-L1* neutrophils in the peripheral blood of sepsis
patients. Subsets that highly express PD-L1 exerted an
immunosuppressive effect, including the inhibition of T
cell activation, induction of T cell apoptosis and trans-
differentiation, while the number of CD123* neutrophils
correlated with the severity of the disease.'”>!”” In a sepsis
mouse model, extracellular cold-inducible RNA-binding
protein (eCIRP) can induce the formation of the proin-
flammatory phenotype Ly6G* CD11b™ of LDNs through
TLR4.'® In a mice model of chronic granulomatous pneu-
monia, G-CSF mobilized immature CD101"“8 neutrophil
subsets released from the marrow with a proinflammatory
phenotype.'”’ From the single-cell scale, researchers have
systematically described the heterogeneous population
and transcriptome dynamics of neutrophils in the process
of maturation, differentiation, and fate determination
in both homeostatic and inflammatory states. In the
inflammatory state, the heterogenous population of neu-
trophils did not change, while the proportion, functional
characteristics, expression of the transcription factor,
and the transformation pathway altered dramatically
between populations. This provides basic information for
the precise investigation of neutrophil heterogeneity. '8!
It was reported that, compared with normal lung tissue,
two distinct neutrophil subsets were generated in Cryp-
tococcus neoformans-infected lung tissue, and these two
subsets highly expressed inflammation-related genes and
oxidative stress-related genes, respectively. Neutrophils
highly expressing inflammation-related genes can mod-
ulate cell-cell communication with dendritic cells and
alveolar macrophages.'®> CD49d*CysLTR1" neutrophils
were present in the nasal lavage fluid from patients
with viral respiratory tract infections.'®®* A significantly
increased amount of CD63* neutrophils was detected in
the blood of cystic fibrosis patients.'** Both PD-L1" and
PD-L1"° neutrophils were present in sputum from cystic
fibrosis patients, while in healthy control, only PD-L1M
neutrophils were present.'®> Moreover, RANKLI* neu-

trophils were found specifically present in the peripheral
blood of COPD patients.'*® The pivotal role of neutrophil
heterogeneity in Coronavirus disease 2019 (COVID-19)
has lately received increasing attention.'®”~'*° In a recent
study, interferon (IFN)-stimulated gene (ISG) neutrophils
were shown absent in the lung tissue of patients with
severe COVID-19.°%1"! Immature and PD-L1* neutrophils
were, in contrast, significantly increased.'”> Other sub-
populations, such as CXCR4"g"/CD62LV neutrophils
and CD169™/CD62LP"ght neutrophils, have also been
reported to be involved in the pathogenesis of COVID-19,
which can suppress T cell function.">!'”> The beneficial
effects of dexamethasone during COVID-19 were mainly
through the downregulation of IFN-responsive genes and
activation of IL-1IR2* neutrophils.'®* Unlike COVID-19
infection, the proportion of ICAM-1* neutrophils in the
peripheral blood of SARS-CoV-2-infected patients varied
vastly.!”> This phenotype may be induced by CIRP.!°
Carstensen et al.””’ demonstrated that inhibition of the
DEspR*CDI11b* neutrophil subset could alleviate multiple
respiratory diseases.'”®> While targeting the intervention
of CD11b*CD18" neutrophils would aggravate influenza-
induced lung damage, the specific mechanism of which
was related to affecting functions of T cells.'”” Some
researchers have speculated that neutrophil differentia-
tion in humans and mice are similar before and after lung
inflammation through computational analysis.’’® This, to
some extent, indicates that conclusions from mouse-based
studies could provide support for clinical research. The
progression of inflammatory diseases usually results from
a combination of interactions between neutrophils and
other immune cells. At present, the interactions between
specific subsets of neutrophils and other immune cells are
relatively rare, which is worthy of further investigation.

4.1.4 | Cardiovascular diseases

The study of neutrophils, especially neutrophil hetero-
geneity, is of great momentousness in the field of cardio-
vascular and cerebrovascular diseases.’’’ 23 The normal-
density neutrophils (NDNs) and LDN subpopulations
in the peripheral blood of patients with hypertension-
associated chronic inflammation exhibited higher levels
of Nat influx and ROS, along with lower levels of
apoptosis and stronger proinflammatory ability, thereby
promoting the chronic inflammatory response associ-
ated with hypertension.’”* Some research teams identified
that Ly6G™*SiglecFt (MyctNFxB*) neutrophils served as
proinflammatory cells in the progression of myocardial
infarction (MI).29>2° The CD33"&"CD16'°% neutrophils
were the main effector neutrophil subset in the periph-
eral blood of MI patients.”’” Interestingly, compared with
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young male mice, reduced neutrophil proinflammatory
gene expression were found in the infarct region of
young females.””® This suggested that sex differences
existed in the function of neutrophils. The proportion of
IFN-responsive/ISG-expressing neutrophils in the periph-
eral blood of MI patients was increased. With the help
of experiments on mouse models, the researchers indi-
cated that this group of neutrophils originated from
the bone marrow and was negatively regulated by Nrf2
activation.?”? In the mouse model of heart failure, two
neutrophil subpopulations with different expression pat-
terns were found within the myocardial. Despite the
significant increase in the proportion and both having
proinflammatory function, the two populations have func-
tional differences in antigen presentation.?' Patients with
ischemic stroke had higher percentages of the overac-
tive senescent (CXCR4"ght/CD62L4™) neutrophil subset
and neutrophils with a reverse transendothelial migra-
tion (CD54M8"CXCR1°") phenotype in their peripheral
blood than controls, and this was significantly corre-
lated with disease progression.”!’ Similarly, the ratio
of CXCR4"gh/CD62L1°Y neutrophils in the peripheral
blood of Parkinson’s patients could also reflect the dis-
ease process.’'? Neutrophil-specific deletion of Syk would
improve cognitive dysfunction after traumatic injury to
the brain.”® Trivedi et al.>’® reported the existence of
a proinflammatory neutrophil subset (antigen-presenting
cell-like neutrophils) in both hyperlipidemic patients and
atherosclerotic mice. This unique phenotype of neu-
trophils had the ability to activate the adaptive immune
response, thereby promoting atherosclerosis progression.
Moreover, a positive correlation between the presence of
neutrophils and CD3* T cells was observed.”'* Despite
the fact that many studies have confirmed the diversity of
neutrophils in peripheral blood in cardiovascular and cere-
brovascular diseases, there is insufficient evidence for the
heterogeneity of neutrophils in situ in tissues, which may
be attributed to the difficulty in obtaining clinical samples.

4.1.5 | Inflammatory bowel diseases

IBDs are chronic inflammatory conditions affecting the
digestive system.”’> Abnormal function of neutrophils sig-
nificantly affects the progression of IBDs.?'® Neutrophils
and NETs play a pivotal role in IBD.?'” There was upreg-
ulation of NETs in the tissues of patients with ulcera-
tive colitis (UC), and NETs could activate the UC lam-
ina propria mononuclear cells to activate extracellular
signal-regulated kinase-1/2 (ERK1/2), thereby enhancing
TNF-a and interleukin-18 (IL-18) production.’’® Neu-
trophils exhibit both cytotoxicity and the potential to
cause severe tissue damage to the colon tissue. They

are also capable of defensive functions. NETs in UC tis-
sues, for instance, have been shown to be advantageous
in terms of immune thrombus formation and the pre-
vention of colonic bleeding.”’* The remarkable effect of
improving IBD by affecting neutrophil function has grad-
ually attracted researchers’ interest.”’’ The artemisinin
analogue SM934 or the Annickia polycarpa extract ame-
liorated UC in mice by inhibiting neutrophil activation
or recruitment.?”"??> CD177* neutrophils played a role in
protecting intestinal barrier function in IBD by increasing
bactericidal activity and IL-22 production.’?*?** Therefore,
targeting CD177+ neutrophils may benefit the treatment
of IBD. IL-17* neutrophils in the colons of mice with
dextran sulfate sodium-induced colitis might contribute
to the progression of the disease.’”” Levinsky et al.?®
demonstrated that OLFM4™" neutrophils centrally partic-
ipated in the pathologic pathway leading to intestinal
ischemia/reperfusion injury in mice through experiments
involving adoptive transfer of bone marrow. In the realm
of IBD drug therapy, the existence of certain neutrophil
subsets was also essential. Due to the presence of CXCR2+
neutrophils, patients with UC often appeared insensitive
to ustekinumab.??’ Thus, interventions targeting specific
neutrophil subsets in colon tissue are expected to pave the
way for precise treatment for IBD.

4.1.6 | Other inflammatory diseases

In addition to the above-mentioned prevalent acute
and chronic inflammatory diseases mentioned above,
neutrophil heterogeneity is also observed in other inflam-
matory diseases. Hypodense neutrophils and the ability
to form NETs in peripheral blood and gastrointesti-
nal tissues in patients with idiopathic inflammatory
myopathy and vasculitis were greatly upregulated.’?*2%°
Neutrophil subpopulations also have fundamental
effects on periodontal health regulation, as CD177%
neutrophils were recruited to gingival crevicular fluid
in periodontitis preferentially.”*°~?*> Some researchers
have identified specific neutrophil subsets, such as
CD14*Ly6G'°" neutrophils, that could secrete growth
factors NGF and IGF-1, thereby promoting neuronal
survival.?**%3* Ly-6G*SiglecF* neutrophils specifically
exist in the allergic mouse nasal mucosa, exhibiting
an activated phenotype.’* IL-10R1* neutrophils were
found in the peripheral blood of patients with erythema
nodosum leprosum. Senescent CD10"*€CD16/°¥ CD11b'°%
and immature CD10"*¢CD16"°CDI11b"°8 neutrophils in
psoriatic skin tissue induced more IL-17 expression.”*°
Induction of CD49d* neutrophil production favors wound
closure after skin transplantation.?*” CD11bMgh/CD11ahigh
neutrophils specifically appeared in peripheral blood
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Neutrophil Heterogeneity in Inflammatory Diseases

Respiratory diseases

Ly6G*CD11b" neutrophils;
CD11b*CD18* neutrophils;

Cardiovascular diseases

TN\ CD33Me"CD16°" neutrophils;
{ TR\ CD54M"CXCR1'" neutrophils;

CD16Mdgh CD62L4™ neutrophils;
CD49d*CysLTR1* neutrophils;
CXCR4Pig"/CD62L"% neutrophils etc

Liver diseases

Cxcl2* neutrophils;
IL-17* neutrophils.

IBD

CD17* neutrophils;
CD177* neutrophils;
CXCR2* neutrophils;
OLFM4* neutrophils.

CXCRA4Pright/CD62L9™ neutrophils;
CXCR4high/CD62L"" neutrophils etc.

@ Kidney diseases

CD14CD16°CD15* neutrophils;
Ly6G*GFP*ICAM1MCXCR1'" neutrophils;
OLFM4* neutrophils.

@ Other inflammatory diseases

CD49d* neutrophils;
CD177* neutrophils
CD14*Ly6G"" neutrophils;
IL-10R1* neutrophils;
Ly-6G*Siglec-F* neutrophils etc.

FIGURE 4 Neutrophil heterogeneity in inflammatory diseases. This figure is created with BioRender.com.

in a mouse fracture model.?® In addition, common
IFN-responsive neutrophils played crucial roles in viral
infection and other diseases. In summary, numerous stud-
ies have elucidated the essential function of neutrophil
heterogeneity in both acute and chronic inflammatory
diseases, including liver diseases, kidney diseases, respira-
tory diseases, cardiovascular and cerebrovascular diseases,
and colon diseases®'®>3° (Figure 4). However, there is
currently limited research on the detailed functions of
neutrophil subsets in disease development, especially the
lack of functional verification of neutrophil subsets in
vivo. This represents a potential avenue for future research
(Table 1).

4.2 | Neutrophile heterogeneity in
cancer-related diseases

Over years past, accumulating evidence has demonstrated
that neutrophils perform dual roles, exhibiting both pro-
and antitumor activity. Specific mechanisms are associated
with tumor cell proliferation, apoptosis, and the immune
microenvironment.?**?*! As study advances, researchers
have shown that neutrophils undergo phenotype and func-
tional remodulation under the influence of tumors and

their microenvironment, playing a complicated role in
tumor development and metastasis.’*>?** Besides protu-
mor activity through protumor neutrophils, NETSs, and var-
ious subsets associated with cancer process, neutrophils
also exert antitumor functions via antitumor neutrophils,
other derivatives, and subsets inhibiting cancer process
(Figure 5).

421 | Colorectal cancer

Colorectal cancer (CRC) is one of the most prevalent
malignancies globally, accounting for 10% of all can-
cer cases. The incidence of CRC ranked third among
malignant tumors, making it the third leading cause
of cancer mortality.”*>?*¢ In recent years, several stud-
ies have shown that the double role of neutrophils in
inflammation-related diseases, particularly in the devel-
opment and metastasis of tumors, has been gradually
recognized and has garnered growing attention.’*”-**8 Neu-
trophils and NETs might promote CRC development and
metastasis in part by the mediation of tumor metastasis
by NETs via binding to CCDC25 or CEACAM1 on can-
cer cells.?*”-?49-252 Inhibition of NETs release attenuated
colitis as well as colitis-associated tumorigenesis.?>*2>*
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TABLE 1 Neutrophil heterogeneity in inflammation-related diseases.
Diseases Species Samples Neutrophil heterogeneity Functions References
Alcohol-associated Human/mice Liver tissues High-density neutrophils HDNs contribute to NETs; LDNs 46
hepatitis (HDNSs); low-density lead to persistent
neutrophils (LDNs) inflammation
Acute liver failure  Mice Liver tissues CXCL2" neutrophils Regulatory cell infiltration 147
Chronic viral Human Liver tissues IL-17* neutrophils The number of cells increases 148
hepatitis significantly in the fibrotic
stage
Sepsis-related Human/mice  Blood, kidney =~ OLFM4" neutrophils Juvenile OLFM4-null mice are >
kidney injury tissues protected from sepsis-related
injury
Kidney Mice Kidney Ly6G*GFP*ICAMIMCXCR1"® Promote inflammation 156
inflammation neutrophils
Chronic kidney Human Blood CD14-CD16-CD15* Regulatory vascular calcification ¥’
disease neutrophils
Septic shock Human Blood OLFM4* neutrophils The number of cells increases 167171
significantly in patients
Septic shock Human Blood CD177* neutrophils The number of cells increases R
significantly in patients
Airway Human/mice  Blood CD16Meh CD62L4™ To enhance the response to 172
hyperreactivity neutrophils bradykinin in both human
isolated small airways and
murine tracheae
Sepsis Mice Bone marrow PD-L1" neutrophils Play an immunosuppressive role 7
in infection
Sepsis Human Blood PD-L1* neutrophils, CD123*  The proportion of CD123* 177
neutrophils neutrophils correlated with
clinical severity
Sepsis Mice Blood Ly6G*CDI11b" neutrophils Promote inflammation I
Chronic Mice Bone marrow ~ CD101"®8 neutrophils Trafficked to the lung and 7
granulomatous acquired a significantly more
disease proinflammatory
transcriptome

Bacterial infection

Mice; human

Spleen; blood

Lung tissue,

bronchoalve-

olar lavage
fluid
Lung

Interferon-stimulated gene
(ISG) neutrophils; Ly6G'*"
CXCR4M cells; Ly6GM
CXCR4M cells

CD11b*neutrophils

Ox-PMN; Cyt-PMN

The number of ISG neutrophils
increases significantly in
spleen of human and mice
during infection; the number
of Ly6G'*Y CXCR4" cells and

Ly6GP CXCR4M cells increases

significantly in blood and
spleen during infection

Reflect the severity of the disease

Ox-PMNs interact with the
fungus and generate ROS;
Cyt-PMNs respond to
cytokines to modulate cell-cell

180

181

182

SARS-CoV-2 Non-human
infection primates

Cryptococcus Mice
neoformans (Cn)
infection

Acute onset of Human

upper respiratory
symptoms

CD49d* CysLTR1*
neutrophils

Nasal lavage

The number of cells increases

communication with dendritic
cells and alveolar macrophages
183

significantly in patients

(Continues)
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TABLE 1 (Continued)
Diseases Species
Cystic fibrosis Human
Cystic fibrosis Human
COPD Human
SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

SARS-CoV-2 Human
infection

Acute lung injury  Human, rhesus

Severe influenza
virus infection

Hypertension

Myocardial
infarction

Myocardial
infarction

Heart failure

Ischemic stroke

Alzheimer’s disease

Atherosclerosis

IBD

IBD

macaque, rat
Mice

Human

Mice

Human

Mice

Human

Human

Human

Human

Mice

ZHOU ET AL.
Samples Neutrophil heterogeneity Functions References
Blood CD63" neutrophils The number of cells increases 184
significantly in patients
Sputum PD-L1"e" neutrophils T cell suppression L
Blood RANKLI" neutrophils Correlate with IL-18, IL-6 and 186
IL-8 in plasma in COPD
Bronchoalveolar CD16™ neutrophils Promote inflammation 187
lavage fluid
Blood DEspR™ neutrophils Correlate with elevated 189,198
circulating CCL23, increased
NETosis, and the severity of
the disease
Blood ISG neutrophils The number of cells decreases L0
significantly in patients with
severe disease
Blood CD16™ low-density Promote T cell proliferation 11
neutrophils
Blood PD-L1* neutrophils Immunosuppressive function L2
Blood CXCR4Meh /CD62LIW Promote inflammation 193
neutrophils
Blood IL2" neutrophils Anti-inflammation 1
Blood ICAM-1" neutrophils The number of cells increases 195
significantly in patients
Bronchoalveolar DEspR*CDI1b*/CD66b* The number of cells increases Ty
lavage fluid neutrophils significantly in disease
Lung CD11b*CD18" neutrophils Regulate T cell function 199
Blood Normal-density neutrophils ~ Promote inflammation 204
(NDN), low-density
neutrophils (LDN)
Blood, bone Ly6G*SiglecF* neutrophils;  Promote inflammation; provide a 205206:209
marrow, heart  ISG neutrophils clinical biomarker

Blood

Heart

Blood

Blood

Blood

Blood, colon
tissue

Colon tissue

CD33"g"CD16°Y neutrophils

CCR2* neutrophils, CXCR2*
neutrophils

CXCR4%ight/CD62Ld™
neutrophils,
CD54Migh CXCR1OY
neutrophils

CXCR4hMigh /CD62LIY
neutrophils

APC-like neutrophils

CD177* neutrophils

CD17* neutrophils

An increase in the frequency of
hyperactivated

Promote inflammation; antigen
presentation

Reflect the severity of the disease

Reflect the severity of the disease

Activate the adaptive immune
response to promote disease
progression

Play a protective role in IBD

through increased bactericidal

activity and IL-22 production

Promote inflammation

207

210

211

212

214

223,224

(Continues)
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TABLE 1 (Continued)
Diseases Species Samples Neutrophil heterogeneity
Ischemia/ Mice Colon tissue OLFM4™* neutrophils
reperfusion
injury (IR)
Ulcerative colitis Human Colon tissue CXCR2" neutrophils
Periodontitis Human Blood CD177* neutrophils
Optic nerve and Mice Optic nerve and CD14*Ly6G°" neutrophils
spinal cord injury spinal cord
Allergic rhinitis Mice Nasal mucosa  Ly-6G*SiglecF" neutrophils
Erythema nodosum Human Blood IL-10R1" neutrophils
leprosum
Psoriasis Human Skin tissue CD10"8CD16'°¥CDI11bl*Y
neutrophils;
CD10"¢CD16"¢CD11b"8
neutrophils
Wound closure Mice Blood; CD49d™" neutrophils
after skin Skin tissue
transplantation
Femur fracture Rat Blood CD11b"e"/CD11ahieh
neutrophils

Functions

Lead to intestinal damage and
mortality after IR injury

Enrich in nonresponders to
ustekinumab therapy

Preferentially recruited to the
gingival crevice of
periodontitis patients

Neuroprotective role by secreting
NGF and IGF-1

Exhibit an activated phenotype
and enhance effector functions

Release inflammatory cytokines

Induce IL-17 and IFN-y
production by T cells

Play a role in local vessel
remodeling during
inflammation

The number of cells increases
significantly in diseases.
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166
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The dual role of neutrophils in diseases ought to get sufficient consideration. On the one hand, as innate immune phagocytes, neutrophils function pivotally
in immune defense. On the other hand, specific neutrophil subpopulations would promote disease progression. Extensive and comprehensive research of the
functional heterogeneity of neutrophils is envisaged to enable precision intervention on neutrophil subpopulations and achieve precise treatment of inflammation-

related diseases.

Pro-tumor activities of neutrophils

@ Pro-tumor neutrophil

Neutrophils exhibit immunosuppressive effects by
inhibiting T cell functions through the secretion of
tumor-promoting cytokines, enhancement of
tumor angiogenesis, support of tumor cell
dissemination, priming of the premetastatic niche

ol

NN

Neutrophil extracellular
traps (NETs) -

NETSs can bind to CCDC25 or
CEACAMT1 on cancer cells,
downregulating tight junction
molecules, provoking inflammation
and induction of EMT

@ Different neutrophil subsets
associated with cancer process
CD66b* neutrophils;
CD177* neutrophils;
CD193* neutrophils etc.

FIGURE 5
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Anti-tumor capacities of neutrophils

@ Anti-tumor neutrophil

In the early stage of cancer, neutrophil can
enhance T cells function through restraintion
of tumor-associated microbiota, MET-
mediated nitric oxide release

®

~ >

Neutrophil derivatives

Human neutrophil
elastase, H,0,

Different neutrophil subsets
inhibit cancer process
PLCG2"igh neutrophils;
HLA-DR* neutrophils;

CD16"gh CD62L9™ neutrophils etc.

Neutrophils show both protumor activity or antitumor capacities. This figure is created with BioRender.com.
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In addition, neutrophils seemed to be protective against
the advancement of CRC. Neutrophil elastase has been
proven to be inhibitory effective against 35 kinds of can-
cer cells, including CRC cells.” Neutrophils restrained
tumor-associated microbiota and decreased colon tumor
development and invasion in an inflammatory-induced
CRC mice model, while neutrophil depletion would in
contrast made tumors more aggressive.”® The role of
neutrophils in preventing bacterial invasion may be medi-
ated by IL-13.7 These findings indicated the intricacy of
tumor-associated neutrophil (TAN) involvement in CRC
progression. What is more, neutrophils from CRC patients
could also exhibit immunosuppressive effects by inhibit-
ing T cell functions through TGFB.>*® CD177" neutrophils
and CD66b™ neutrophils suppress epithelial cell tumorige-
nesis in colitis-associated cancer and became a predictor
for a better prognosis in CRC.>°%%0 In the early stages
of CRC, the number of CD66b™ neutrophils were often
associated with a favorable prognostic factor. Specific
inductions would stimulate the generation of particular
neutrophil subsets.’®! For instance, the addition of IL-
21 into bone marrow cell culture increased the amount
of CD193" neutrophils, which migrated readily into the
duodenum.?®? Moreover, in a genetic CRC model, sup-
pression of neutrophil-dependent angiogenesis abrogated
resistance to anti-VEGF antibody.’*® Taken together, these
studies suggested that targeting neutrophils is of great
significance for CRC treatment.

4.2.2 | Hepatocellular carcinoma

The important role of neutrophils in liver cancer has grad-
ually attracted accelerated interest in past few years.’04-2¢7
According to the present studies, NETs could promote
the development from NASH to hepatocellular carci-
noma (HCC).?® Besides, NETs promoted HCC metastasis
by downregulating tight junction molecules on adja-
cent endothelial cells or provoking inflammation.?%”-?70
Neutrophils, especially type-2 neutrophils (N2), could
mediate the formation of an immunosuppressive microen-
vironment in liver tissue, and neutrophil clearance in
mouse models would impede tumor progression.?’! -7
The production of neutrophils for specific functions is
usually influenced by a variety of factors. For instance,
in several models of liver autoimmunity, pharmacolog-
ically induced autoantigen-specific T regulatory type-1
(TR1) cells and TRl-cell-induced B regulatory (Breg)
cells used five immunoregulatory cytokines to coordi-
nately recruit neutrophils into the liver and program
their transcriptome to generate regulatory neutrophils.?’?
Additionally, PD-L1* neutrophils have been shown to pro-
mote the growth of tumor cells in tissues from HCC

patients by inhibiting the proliferation and activation of T
cells.”” The generation of PD-L1* neutrophils was likely
attributed to the induction of cancer-associated fibroblasts
through the IL6-STAT3 pathway.””> Another study also
confirmed that, in addition to PD-L1* neutrophils, both
CCL4* TANs presented immunosuppressive activity.?’®
Neutrophils also have a significant impact on the treat-
ment of HCC.?”” Tumor-derived lactate would inhibit
the efficacy of Lenvatinib in HCC by modulating PD-L1
expression on neutrophils.”’® The mechanism of action
of cabozantinib combined with PD-1 antibody to enhance
antitumor immunity through neutrophil-based immune
responses favored this approach for HCC therapy.?” Fur-
thermore, in HCC immunotherapy, PD-L1* neutrophils
would be directly activated by IFN-y and subsequently
prompting inflammatory response.?®’ Therefore, precise
targeting of specific neutrophil subsets might reduce the
occurrence of immune-related adverse events to a signif-
icant extent. Although the tumor-killing effect of neu-
trophils has been reported in other tumors, it has not been
reported in liver cancer, which may be a future research
direction.

4.2.3 | Gastric cancer

With high morbidity and mortality, gastric cancer (GC) is
a ubiquitous malignancy worldwide.?*"-?> Heretofore, sur-
gical treatment remains the first-line strategy to providing
a cure. It is expected that analyzing the molecular events
taken place during GC progression would cast new light on
GC treatment.”®® Tumor-derived exosomes could induce
neutrophil activation through the HMGB1/TLR4/NF-xB
signaling pathway during GC progression.”** As well,
neutrophils were able to promote GC progression by
inducing Th17 cell polarization or inhibiting CD8* T cell
function.’®?% Xia et al.”®’ reported that NETSs could pro-
mote the metastasis of postoperative abdominal infectious
complications in GC patients. Induction of epithelial-
mesenchymal transition (EMT) has been verified to be
another way for NETs to promote GC metastasis.’*3?%
Five subpopulations of neutrophils were identified in tis-
sues from GC patients. Among them, CXCR4™" neutrophils
have proangiogenic and proinvasive properties; while
PLCG2Mg" neutrophils can inhibit the invasion and migra-
tion of tumor cells.”” Through single-cell RNA sequenc-
ing, researchers from another team mapped the lymph
node metastasis landscape of GC and found that lipocalin 2
(LCN2)* neutrophils served as a promotor in lymph node
metastasis. This suggested that neutrophil subsets might
drive metastatic in specific tumor sites.””! The number of
PD-L1* neutrophils and CD66b* neutrophils are associ-
ated with the survival of GC patients.?”?">** Interestingly,
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the number of FasL*PD-L2* neutrophils was reported
to be associated with poor prognosis of GC in another
study. These neutrophils owned immunosuppressive func-
tions on tumor-specific CD8" T cells and promoted the
growth and progression of human GC tumors both in vitro
and in vivo. Targeting the removal of FasL*PD-L2* neu-
trophils could hinder GC progression.>” The advancement
of medical therapy for GC has been quite sluggish thus far.
Consequently, the development of targeted drugs for the
heterogeneity of neutrophil function is anticipated to yield
novel insights for the therapeutic treatment of GC.

4.2.4 | Lung cancer

Lung cancer is among the world’s most prevalent malig-
nant tumors. The incidence and mortality rate have grown
dramatically over the past 50 years, and males were
reported to have the highest morbidity and mortality of
all malignant tumors.?**?°” The proportion of neutrophils
in lung cancer patients’ tissue or peripheral blood can
be utilized to predict the prognosis of lung cancer.?’*?%
Studies have demonstrated that neutrophils and NETSs
they generate play a critical role in fostering lung tumor
development and metastasis.**°*°> Among these, senes-
cent TANs (CXCR4+CD62L!°V) are more likely to form
NETs and facilitate metastasis.>’* It has been reported by
Tyagi et al.>** that N2 neutrophils could release LCN2
which would in turn facilitate lung cancer metastasis.
The heterogeneity of neutrophils in the peripheral blood
of non-small cell lung cancer patients were greater, and
the proportion of LDNs was remarkably upregulated.0>30¢
Faget et al.>"’ reported that Gr1* neutrophils could favor
tumor progression by altering angiogenesis, leading to
hypoxia, and sustaining Snail expression. Through MET-
mediated nitric oxide release, neutrophils can also abate
tumor growth and metastasis.”’ In recent years, a group of
TANs with high expression of SiglecF (sialic acid-binding
immunoglobulin-like lectin F) has gradually attracted
researchers’ attention. SiglecF™&" neutrophils could selec-
tively upregulate the expression of genes associated with
tumor-processes, including angiogenesis, myeloid cell dif-
ferentiation and recruitment, extracellular matrix remod-
eling, suppression of T cell responses, and tumor cell
proliferation and growth.’?® In the early stages of lung
cancer, TANs could enhance the T cell activity to display
an antitumor effect.’*” This unique neutrophil popula-
tion was more mature with a longer lifespan.”®!9%!1! Jts
function in promoting lung cancer, however, was depen-
dent on the number of osteoblastic cells, suggesting that
the function of SiglecF"&" neutrophils was infected by
the ratio of cell types.’*® Interestingly, another study on
mouse lung cancer showed that, similar to SiglecFMeh
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neutrophils, neutrophils with Glutl high expression could
live longer in the tumor microenvironment, and could
promote the high expression of SiglecF and MMP9,
facilitating tumor progression.*!’!! However, whether
Glut1Me? neutrophils and SiglecFM&? neutrophils are the
same population of neutrophils remains unclear. Another
research team identified a group of ISG neutrophils in
mouse lung tissue, and the number of ISG neutrophils
was significantly reduced in tumor tissue.’'? A subset of
tumor-associated HLA-DR' neutrophils was also iden-
tified in early-stage human lung cancer tumor tissue,
which can cross-present antigens to CD8* T cells, trig-
gering antitumor T cell immune responses.** A group
of CD66b*/CD10'°"/CXCR4+/PDLI™®" neutrophils were
identified in the peripheral blood of advanced lung can-
cer patients, the existence of which was limited in the
advanced stage of lung cancer.’’ At present era, neu-
trophils have promising potential as effector cells in the
treatment of lung cancer. By modifying neutrophil infiltra-
tion, for instance, the CXCR2 selective inhibitor SB225002
can boost the therapeutic effect of cisplatin in the treat-
ment of lung cancer.>'* To sum up, neutrophil heterogene-
ity is extremely important in the prognosis, progression,
and treatment of lung cancer. Unfortunately, studies of
neutrophil heterogeneity in specific types of lung can-
cer are limited. For example, it has been reported that
neutrophil to lymphocyte ratio predicts the prognosis of
extensive small-cell lung cancer.’’> However, there are
few studies on neutrophil heterogeneity in small cell lung
cancer.

4.2.5 | Breast cancer

Breast cancer is the most common malignancy in women
and one of the three most common cancers worldwide,
along with lung and colon cancer.’'® Numerous studies
have demonstrated that neutrophils could promote the
growth and metastasis of breast cancer via the secre-
tion of cytokines and other pathways,>'’="° as well as
facilitate breast cancer metastasis by altering other cell
functions, such as inhibiting the antimetastasis func-
tion of NK cells or mediating the immunosuppressive
microenvironment.*?**?! Tumor-derived factors such as
G-CSF and stem cell factor could in turn responsible
for activity of immunosuppressive neutrophils, thereby
contributing to the advancement of breast cancer.'*%3*?
Interestingly, during the premetastatic stage of breast can-
cer, tumor-entrained neutrophils in the lung aggregated
and, by generating H,0,, might limit metastatic seed-
ing in the lungs.’ This partly explains the functional
differences of neutrophils at the primary site and the
metastatic site. Neutrophils could also play a protumor
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role by affecting the lipid metabolism of tumor cells. In
the context of a low glucose supply in the tumor microen-
vironment of 4T1 tumor-bearing mice, neutrophils would
engage in fatty acid oxidation, supporting ROS produc-
tion and amplifying T cell suppression.'’’ In addition,
a separate study reported that lipids stored within lung
neutrophils can be transported to metastatic tumor cells
through a macropinocytosis-lysosome pathway, endow-
ing tumor cells with augmented survival and prolifer-
ative capacities.’’' Already published is the discovery
that neutrophils could exert a mode of destruction of
breast cancer cells has already been reported, and the
specific mode was related to the regulation function of
neutrophils toward CD47-SIRPa checkpoint through the
trogoptosis mechanism.*?>*?* It was identified by Veil-
lette et al.’** that C5aR1* neutrophils would predict
worse prognosis of BC patients, which could mecha-
nistically be explained by the ability of C5aR1" neu-
trophils in inducing breast cancer glycolysis via increasing
ERK1/2-WTAP-dependent m6A methylation of ENO1.3%
Moreover, Coffelt et al.’*® reported that in mammary
tumor-bearing K14<¢;Cdh1"/F;Trp53"/F (KEP) mice, the
tumor microenvironment favors a unique population
of metastasis-inducing neutrophils with upregulation of
genes including cKit, Nos2, Prok2, S100a8, and S100a9.
Using a panel of 16 distinct genetically engineered mouse
models for breast cancer, another analysis also identi-
fied the significant enrichment of cKIT* neutrophils was
more likely to potentiates metastatic progression.*?’ In
previous studies, neutrophil Cathepsin G was found to
interact with RAGE (receptor for advanced glycation end
products), displaying its antitumor activity.*”® By releas-
ing metastasis-promoting factors including forming NETSs,
CXCR4MCD62L'° aged neutrophils could enhance metas-
tasis of breast cancer cells to the liver or lung.**>**° In
summary, neutrophils play a dual role in breast cancer pro-
gression. The distinction of which may be attributed to
the various phases of the disease and the heterogeneity of
neutrophils. which merit additional investigation.

4.2.6 | Pancreatic cancer

Pancreatic cancer is one of the most aggressive tumors of
the digestive system. The mortality rate is rising annu-
ally due to the its stealthy onset, fast development, and
ineffective treatment.*%33! Multiple research teams have
proven that neutrophils and NETs may greatly enhance
the growth and metastasis of pancreatic cancer, and that
inhibiting NETs can somewhat delay pancreatic can-
cer metastasis.***33* In an orthotopic pancreatic cancer
mouse model, the presence of neutrophils was shown to
be associated with functional suppression of the CD8*

T cells.* In the pancreatic tumor microenvironment,
TAN subsets with various functions exist, among which
BHLHE40" neutrophils have protumor and immunosup-
pression functions.”®® A recent research revealed that
P2RX1"¢8 neutrophils were highly immunosuppressive,
hence provoking pancreatic cancer liver metastasis.>*
CD13" neutrophil-like myeloid-derived suppressor cells
exert immune suppression in pancreatic ductal adeno-
carcinoma by influencing the expression of Arginase
1.%%¢ Targeting neutrophils has also showed encourag-
ing effectiveness in the treatment of pancreatic cancer.>*’
Lorlatinib attenuates pancreatic cancer growth by sup-
pressing TAN amount and functions.**® The therapeutic
effect of nivolumab in pancreatic cancer was in asso-
ciation with CD11b* neutrophil degranulation.’*° Steele
et al.**" revealed that mediating the expression of CXCR2
on neutrophils could improve the efficacy of PD-1 anti-
bodies in a pancreatic cancer mouse model. This may
be due to the fact that high expression of CXCR2 on
neutrophils would mediate immunosuppressive microen-
vironment, effecting T cell entry.*****! Targeting tumor-
associated CXCR2* neutrophils and CCR2* macrophages
was reported to improve chemotherapeutic responses in
pancreatic ductal adenocarcinoma.**?> In a nutshell, a
series of studies have shown that it is necessary to investi-
gate neutrophil heterogeneity in the context of pancreatic
cancer treatment.’°*->** For subsequent investigation, the
inductive factors of the emergence of diverse neutrophil
subsets may be probed, enabling a brand-new viewpoint
for the treatment of pancreatic cancer.

4.2.7 | Other cancers

Researchers are also intrigued by the role of neutrophil het-
erogeneity in other cancers. Neutrophils could regulate the
function of CD47-SIRPa checkpoint through trogoptosis,
presenting tumor-suppressive property in acute promye-
locytic leukemia.’** Meanwhile, combination of SIRPa«
antibody with CD70 antibody could, to some extent,
enhance the antitumor effect of neutrophils.>*> Whether
this process is dependent on neutrophils remain obscure.
In addition, neutrophils also presented tumoricidal effect
in neuroblastoma and endometrial cancer, the mecha-
nism of which might be correlated with the induction of
MMP9 expression and ROS generation.>**-3*8 The ROS-
dependent antitumor effect of neutrophils has also been
demonstrated in a mesothelioma mouse model.** How-
ever, another study showed that CXCR2*CD11b* Ly6GM
myeloid-derived suppressor cells (mainly expressing neu-
trophil marker genes) affected the efficacy of PD-1 anti-
bodies in rhabdomyosarcoma mice.**” Three neutrophil
subsets were identified in head and neck squamous



ZHOU ET AL.

17 of 30

Lung Cancer

CD62L"CD5419" neutrophils;
CXCR4*CD62L"" neutrophils;
HLA-DR* neutrophils;
ISGs neutrophils;
SiglecFhish neutrophils;
CD66b*/CD10""/CXCR4*/
PDL1i"er neutrophils.

Hepatocellular Carcinoma

CCL4* neutrophils;
PD-L1* neutrophils.

Colorectal Cancer

CD177* neutrophils;
CD66b* neutrophils.

Lo

Breast Cancer

C5aR1* neutrophils; cKit* neutrophils;
Nos2* neutrophils; Prok2* neutrophils;
S100a8* neutrophils; S100a9*

neutrophils.

Gastric Cancer

CD66b* neutrophils; CXCR4* neutrophils
LCN2* neutrophils; PD-L1* neutrophils;
PLCG2"s" neutrophils;
FasL*PD-L2* neutrophils.

@ Pancreatic Cancer
BHLHE40* neutrophils;

CD13" neutrophils;
CXCR2* neutrophils;
P2RX1"ed neutrophils.

0 Other Cancers

CXCR2*CD11b*Ly6G" neutrophils;
CD16"sh CD62L"sh neutrophils;
PD-L1* neutrophils.

FIGURE 6 Neutrophil heterogeneity in cancers. This figure is created with BioRender.com.

cell carcinoma (HNSCC) patients: CD16%™ CDe2LPigh,
CD16"g" CD62L e and CD16Me? CD62LY™ neutrophils.
Among them, CDI16"&" CD62LY™ neutrophils could
inhibit the migration and proliferation of HNSCC cells,
as well as inducing cell apoptosis.*®" Another study
showed that immunosuppressive neutrophil subsets, such
as CDI6"g" CD62LMe neutrophils, might be induced
by tumor-produced TGF-B/IL-10.>> Six phenotypically
distinct human blood neutrophil populations were iden-
tified. The proportion and function of neutrophil sub-
sets were shown to be correlated with melanoma stage,
and their changes would favor the differentiation of dif-
ferent melanoma stages.>>** The profound study of
neutrophils has also given hope for the treatment of
melanoma. A recent study showed that neutrophils,
especially TAN1, were isolated from mice underwent
innate immune training by exposure to -glucan hold
a stronger antitumor effect.>> The activity of alem-
tuzumab against B-cell chronic lymphocytic leukemia
was reported to be dependent on neutrophil-mediated
cytotoxicity.’® Combination of CTLA-4 and PD-L1 block-
ade in patients with chemotherapy-naive metastatic
castration-resistant prostate cancer was shown to be asso-
ciated with the modulation of neutrophil subsets in the
bone microenvironment.*” Collectively, neutrophil het-

erogeneity has been observed in a variety of cancers
(Figure 6). The subsets of neutrophils, however, seem to
vary from tissue to tissue, requiring researchers to follow
up with investigations in specific tumors (Table 2).

5 | OUTLOOK

In this review, we have provided a comprehensive sum-
mary of the significance of neutrophil heterogeneity in
inflammatory and tumor-associated diseases. The pres-
ence of neutrophils with different phenotypes in blood,
peripheral blood, or tissue has been confirmed by con-
ventional or high-resolution methods. However, two major
challenges regarding neutrophil heterogeneity exist cur-
rently. One is to understand the underlying causes of neu-
trophil heterogeneity, while the other is how neutrophil
subsets are defined. There are two potential mechanisms
for neutrophil heterogeneity. The first is the intrinsic het-
erogeneity of neutrophils present in the bone marrow
and blood. The second involves exposure to extrinsic fac-
tors, either locally or systemically, that modify neutrophil
properties.®® It is noteworthy that the factors inducing
neutrophil heterogeneity vary between different diseases,
as previously discussed in the context of inflammatory
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TABLE 2 Neutrophil heterogeneity in cancer-related diseases.
Diseases Species Samples Neutrophil heterogeneity = Functions References
Colorectal cancer Human Colon tissues CD177" neutrophils Suppress epithelial cell 262
tumorigenesis
Colorectal cancer Human Colon tissues CD66b* neutrophils A favorable prognostic factor 2%
in early stages of colon
cancer
Hepatocellular Mice Liver tissues N2 neutrophils Immunosuppressive function 27
carcinoma
Hepatocellular Human, mice Liver tissues PD-L1" neutrophils Immunosuppressive function 277?78
carcinoma
Hepatocellular Human, mice Liver tissues CCL4* neutrophils Recruit macrophages 2
carcinoma
Hepatocellular Mice Liver tissues PD-L1* neutrophils Promote inflammatory 283
carcinoma response
Gastric cancer Human Gastric tissues CXCR4" neutrophils; Proangiogenesis; inhibit 293
PLCG2heh neutrophils tumor cell invasion and
migration
Gastric cancer Human Gastric tissues;  LCN2* neutrophils Contribute to lymph node 22
metastatic metastasis
lymph nodes
Gastric cancer Human Gastric tissues PD-L1* neutrophils Associated with disease 295
progression and reduced
GC patient survival
Gastric cancer Human Gastric tissues ~ CD66b™ neutrophils Predict the poor disease zee22
special survival
Gastric cancer Human Gastric tissues FasL*PD-L2* neutrophils Immunosuppressive function 2%
Breast cancer lung  Mice; Human Lung tissues CXCR4+CD62L"°Y Contribute to breast cancer 306,331
metastasis neutrophils lung and liver metastasis
Breast cancer lung ~ Mice; Human Lung tissues N2 neutrophils Contribute to breast cancer 307
metastasis lung metastasis
Lung cancer Human Blood Low-density neutrophils The number of cells increases  7°
significantly in patients
Lung cancer Mice Lung tissues Grl* neutrophils Immunosuppressive function 3%
Lung cancer Human Lung tissues CD62LMY CD54Migh Release inflammatory 22
neutrophils cytokines
Lung cancer Human Lung tissues SiglecF"g" neutrophils Promote tumor growth by s
inducing Vegfa, Ctsb and
Tgfbl
Lung cancer Human Lung tissues ISG neutrophils The number of cells decreases 3"
significantly in patients.
Lung cancer Human Blood HLA-DR™ neutrophils Enhance immune response 318
Lung cancer Human Blood CD66b*/CD10Y/ Relate to advanced lung =
CXCR4*/PDL1Ie" cancer diagnosis
neutrophils
Breast cancer Human Tumor tissues C5aR1* neutrophils Induce breast cancer 328
glycolysis and promote
tumor growth
Breast cancer Human Tumor tissues Neutrophils (cKit", Nos2*, Promote tumor metastasis 222
Prok2*, S100a8*, S100a9*)
Breast cancer Mice Tumor tissues cKit* neutrophils Promote tumor metastasis 30
Pancreatic ductal Human Blood, tumor BHLHE40" neutrophils Immunosuppressive function 33

(Continues)
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TABLE 2 (Continued)
Diseases Species Samples Neutrophil heterogeneity = Functions References
Pancreatic ductal Human Tumor tissues P2RX1"°8 neutrophils Immunosuppressive function 3%
adenocarcinoma
Pancreatic ductal Human Tumor tissues CD13" neutrophils Immunosuppressive function  3*°
adenocarcinoma
Pancreatic ductal Human Tumor tissues CXCR2* neutrophils Immunosuppressive function 34347
adenocarcinoma
Mice Tumor tissues CXCR2*"CD11b* Ly6G" Immunosuppressive function
Rhabdomyosarcomn neutrophils
Neck squamous cell Human Blood CD16"e" CDe2LNieh Correlate with increased 3%
carcinoma neutrophils survival rate
Melanoma Human Blood PD-L1" neutrophils Correlate with decreased o8

survival rate

A comprehensive study of neutrophil heterogeneity would favor us in acquiring a deeper understanding of disease mechanisms and may yield novel insights into

cancer treatment.

diseases and tumors. It remains difficult to ascertain
whether the occurrence of neutrophil heterogeneity is due
to a single signal or a combination of multiple factors.
This requires more detailed exploration. Additionally, the
correlation between neutrophil functions and the pheno-
types identified by surface markers is an important issue
that warrants discussion. For example, neutrophils with
immunosuppressive function and high expression of PD-
L1 would be defined as PD-L1* neutrophils.?’® Although
some high-resolution assays such as RNA-seq have helped
in providing functional information of neutrophil subsets
and specific expression of maker genes, the relationship
between the neutrophil functions and surface makers is
still unclear. This represents an important direction of
future research.

Despite the fact that extensive evidence has supported
the importance of neutrophils as effector cells for disease
treatment, many uncertainties remain to be addressed.
Currently, studies of neutrophil heterogeneity have been
concentrated on the association level. In the upcoming
investigation, functions of multiple neutrophil subpopu-
lations should be evaluated based on various transgenic
mice. Simultaneously, comprehensive and accurate def-
inition of neutrophil subpopulations along with factors
promoting their formation deserve further investigation.
Neutrophils exhibit species specificity, and human and
mouse neutrophils might function differently in some
respects.*'>3% Cui et al.”> reported that human neutrophil
elastase selectively killed tumor cells, whereas similar
effects did not occur with mouse neutrophil elastase. This
indicated that our research of neutrophil heterogeneity in
mice did not immediately correlate with clinical cases. In
addition, the role of neutrophils also varies widely across
different tumors. Neutrophils with high MET expression
had a great antitumor effect in the lung cancer model.
In the melanoma model, however, the expression of MET

would greatly limit the effect of immunotherapy.”**” Neu-
trophils function based on the tissue type, the tissue
microenvironment, and the stage of disease. Even within
the same disease situation, it is possible for neutrophils
to perform conflict functions. To be specific, neutrophils
showed an antitumor effect by inducing ferroptosis in
glioblastoma through MPO; however, the presence of neu-
trophils in glioblastoma was often seen as a prediction of
poor prognosis.*®® The function of neutrophil subsets in
peripheral blood from volunteers of different sexes also
differs.>*! Differences in neutrophil heterogeneity across
species, genders, and disease types have brought great
challenges to our study of neutrophil heterogeneity, and
will continue to be the focus and difficulty of future
research.

From a therapeutic standpoint, investigations targeting
specific neutrophil subpopulations are being refined. It is
of great significance to develop drugs that target particular
neutrophil subpopulation for treatment of inflammation
and cancer-related diseases. Though, approaches that
would target particular neutrophil subpopulation remain
limited and warrant additional investigation. Presently,
some neutrophil-targeted nanoparticles and nanoformu-
lations targeting specific neutrophil subpopulations have
shown favorable alleviative effects.’¢>*% This may be due
to innate ability possessed by cells to sense, integrate
and respond to the dynamic environment within the
body, rendering them suitable as carriers of therapeutic
drugs. In recent years, the design of drug delivery system
regarding neutrophils has become a prominent research
direction in the field of drug delivery.>***% There are two
types of drug delivery systems: neutrophils as carriers
and neutrophil-membrane-derived nanovesicles.>** Sev-
eral studies have demonstrated that neutrophil-based drug
delivery systems can improve current therapies for inflam-
matory disorders and cancers. To be specific, Zhang and
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coworkers**® prepared a tumor-penetrating neotype neu-
trophil cytopharmaceutical (NEs@STING-Mal-NP) that
conjugated liposomal STING agonists on the surface of
neutrophils, inheriting the merits of neutrophils such as
proactive tumor vascular extravasation and tissue pene-
tration, significantly boosting the tumor penetration of
STING agonists. However, one challenge with neutrophil-
based drug delivery systems is determining the optimal
time to deliver nanoparticles for better targeting of infil-
trated neutrophils. After all, the time course of neutrophil
infiltration is heavily reliant on the pathogenesis of the dis-
ease and its stages. The use of effector neutrophil subsets
in specific disease context to design drug-delivery systems
may offer a novel approach.

Overall, we have provided information on the funda-
mental function of neutrophils, the double-edged role of
neutrophils in diseases, and the important function of
neutrophilic heterogeneity in inflammatory diseases and
tumors. Additionally, potential future research directions
for neutrophils have also been discussed. We hope that this
review would provide a comprehensive understanding of
neutrophils.
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