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Abstract

Metastasis has been one of the primary reasons for the high mortality rates associated with tumours in recent
years, rendering the treatment of current malignancies challenging and representing a significant cause of
recurrence in patients who have undergone surgical tumour resection. Halting tumour metastasis has become an
essential goal for achieving favourable prognoses following cancer treatment. In recent years, increasing clarity in
understanding the mechanisms underlying metastasis has been achieved. The concept of premetastatic niches

has gained widespread acceptance, which posits that tumour cells establish a unique microenvironment at

distant sites prior to their migration, facilitating their settlement and growth at those locations. Neutrophils serve
as crucial constituents of the premetastatic niche, actively shaping its microenvironmental characteristics, which
include immunosuppression, inflammation, angiogenesis and extracellular matrix remodelling. These characteristics
are intimately associated with the successful engraftment and subsequent progression of tumour cells. As our
understanding of the role and significance of neutrophils in the premetastatic niche deepens, leveraging the
presence of neutrophils within the premetastatic niche has gradually attracted the interest of researchers as

a potential therapeutic target. The focal point of this review revolves around elucidating the involvement of
neutrophils in the formation and shaping of the premetastatic niche (PMN), alongside the introduction of emerging
therapeutic approaches aimed at impeding cancer metastasis.
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Introduction
Although many therapies have been developed for cancer
treatment, metastasis remains a major cause of cancer
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and molecular factors. Both the cellular constituents and
molecular elements collaborate in reshaping the micro-
environment, priming distant organs for the metastasis
of tumour cells. After the formation of the premetastatic
niche, this particular microenvironment is characterized
by immunosuppression, vascular permeability and angio-
genesis, which are all vital for the settlement and growth
of tumour cells [4].

Neutrophils, the most abundant type of leukocyte in
peripheral blood, are stimulated to undergo massive pro-
liferation after tumorigenesis. The precise timing of neu-
trophil migration to the premetastatic niche and the roles
of these cells throughout the metastatic cascade remain
elusive. The role of neutrophils in metastasis has long
been unclear, and studies on both pro- and antimeta-
static effects have been conducted [5, 6]. With the rapid
advancement of high-throughput sequencing technology,
the recognition of neutrophils has become evident, con-
firming their accumulation and functional roles within
the premetastatic niche.

Here, we broadly summarize recent progress in inves-
tigating the specific role of neutrophils in the premeta-
static niche and relevant therapies for the premetastatic
niche.

Basic information on the premetastatic niche
Evolution of the premetastatic niche theory

Tumour metastasis is a significant driver of cancer-
related mortality, and the intricacies of this process are
increasingly being recognized. The understanding of the
process by which tumour cells metastasize to distant
organs has undergone protracted evolution. In 1889, a
pivotal hypothesis was presented by Steven Paget, who
suggested that metastases are dominated by interac-
tions between “seeds” (circulating tumour cells) and
“soil” (host microenvironment) [7]. This theory is gaining
increasing support, as studies about the host microenvi-
ronment in a distant organ have experienced exponen-
tial growth. In the 1980s, researchers began to focus on
the interplay between tumour cells and their surround-
ing stroma, vasculature, and immune cells, among other
factors, laying the groundwork for future investigations
into the role of the microenvironment in distant meta-
static sites [8]. The concept of the premetastatic niche
was first proposed in 2005 and refers to the microenvi-
ronment with a specific organization that generates a
series of adaptations and changes, laying the foundation
for the settlement and clonal expansion of circulating
tumour cells [3]. Moreover, studies have indicated that
tumour cells alter the microenvironment of distant tis-
sues by releasing extracellular vesicles, which serve as
triggers for the formation of premetastatic niches at dis-
tant sites [9]. In the next decade, a deeper understanding
of premetastatic niches was obtained, encompassing the
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intricate involvement of the entire immune system, fibro-
blasts, and specific miRNAs within extracellular vesicles
in shaping the formation of these niches. Specific bio-
markers of premetastatic niches and their organ tropism
were also comprehensively elucidated during this period,
and research on premetastatic niches is evolving towards
clinical explorations for the prevention and treatment of
tumour metastasis [10—13] (Fig. 1). In the following dis-
cussion of this section, we focus on two main questions:
what constitutes the premetastatic niche and how it is
formed.

Cellular components of the premetastatic niche

Immune cells

Immunosuppressive cells play crucial roles in the pre-
metastatic niche. Both innate and adaptive immune cells
interact with stromal cells to reshape the distant micro-
environment. Early changes in the premetastatic niche
lead to the recruitment and activation of immunosup-
pressive cells, which could create a metastasis-friendly
microenvironment [14].

Neutrophils

Neutrophils, the predominant leukocytes in peripheral
blood, consistently act as the vanguards of the immune
system by eliminating pathogens and inflammatory
debris [15]. With the rapid development of high-through-
put sequencing technology, subsets of neutrophils have
been divided into two sharply contrasting groups [16].
The protumor subpopulation “N2” is deemed signifi-
cant in influencing the immunosuppressive environment
in the premetastatic niche, as it possesses the ability to
secrete arginase 1 (ARG1) for the breakdown of argi-
nine, which is crucial for the tumour-killing efficacy of
T cells [17]. In particular, in lung metastases, neutro-
phils promote tumour cell proliferation in distal organs,
resulting in a poor prognosis [18]. The functional phe-
notype of N1 neutrophils, which favours tumour sup-
pression, clearly contradicts the conducive nature of the
premetastatic niche for the circulation and settlement of
tumour cells. Research indicates that within the premeta-
static microenvironment, factors such as transforming
growth factor-3 (TGF-P) impede the emergence of the
N1 phenotype, thereby preventing the extensive killing of
tumour cells [19, 20].

Macrophages

Macrophages, which are profoundly vital immune cells,
congregate around the site of a lesion once inflamma-
tion has occurred. Like neutrophils, macrophages also
exhibit distinct functional M1/M2 subsets [21]. M2 mac-
rophages promote tumour progression by expressing
high levels of transforming growth factor-3 (TGE-/5)
and C-C motif chemokine 22 (CCL22), both of which can
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* The initial proposal of the indispensable
interplay between tumor cells and the
surrounding microenvironment emerged
as a pivotal aspect in tumor progression.
* It provided a framework for future
investigations into the microenvironment
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*The formal introduction of the “pre-
metastatic niche® concept delineated how
tumors systematically alter the
microenvironment of distant tissues,
thereby providing a conducive "soil" for
metastasis.

+Tumors have the capacity to recruit bone
marrow-derived cells (BMDCs) into distant
tissues, where these cells play a pivotal
role in the formation of pre-metastatic
niches, orchestrating the reshaping of the
microenvironment through the secretion of
cytokines and extracellular matrix
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*The microRNAs (miRNAs) encapsulated within tumor-derived
exosomes play a crucial role in orchestrating the formation of
pre ic niches, modulating gene exp ion to influence
the crosstalk between tumor cells and the microenvironment.

« Tumor-associated fibroblasts play a pivotal role in the
formation of pre-metastatic niches, exerting their influence on
the migratory and invasive capabilities of tumor cells through
the secretion of growth factors and extracellular matrix
components.

«Specific integrin proteins within exosomes dictate the
organotropic targeting of tumor cells, indicating that the
formation of pre-metastatic niches is not a random process;
rather, the targeting organs are predetermined from the moment
of exosome formation.

« The identification and validation of various biomarkers for pre-
metastatic niches entail the di: y of unique molecul
components within the microenvironment, aiding in the

of distant metastatic sites. constituents. disc of pr ic niches.
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* “seed" and "soil" * The initial discovery unveiled how tumor « The immune system plays a pivotal role * Conducting more nuanced analysis of
hypothesis presented cells, by releasing membranous structures— | i, the formation of pre-metastatic niches pre-metastatic niches targeting different

subsequently coined as exosomal entities—
navigate through the bloodstream to reach
distant organs, altering the tissue

mic i 1t and f inga
conducive milieu for tumor metastasis.

organs.

« In clinical investigation, delving into
interventions aimed at preempting tumor
metastasis by addressing pre-metastatic
niche formation, impeding the genesis of
such niches, or modifying their
physiological attributes.

wherein specific immune cells and
molecules can either facilitate or inhibit the
establishment of these niches.

Fig. 1 Summary of the timeline of premetastatic niche concept development. Since the introduction of the “seed and soil” hypothesis in 1889, no
significant breakthroughs in understanding metastasis have occurred throughout the 20th century. In the 21st century, a surge of studies focusing on
the tumour microenvironment emerged, leading to the proposal of the premetastatic niche concept. The understanding of the composition of the
microenvironment within these niches has rapidly advanced. As we moved into the 2020s, an increasing number of therapeutic strategies targeting the

premetastatic niche were proposed and validated, providing a clear direction for preventing tumour metastasis

recruit Treg cells to suppress the function of T cells [22].
However, in reality, macrophages exist on a spectrum of
opposing phenotypes, and the mechanisms underlying
their involvement in the premetastatic niche have not yet
been sufficiently elucidated [15]. Similar to neutrophils,
the tumour-suppressive phenotype of M1 macrophages is
also influenced by the unique microenvironment of pre-
metastatic sites, prompting a transition towards the pro-
tumoral M2 phenotype to mitigate the cytotoxic effects
within the premetastatic niche [23].

Tcells

T cells, pivotal adaptive immune cells, play crucial roles
in shaping the immune microenvironment. According to
current research, the involvement of T cells in the forma-
tion of the premetastatic niche involves primarily helper
T cells (Th cells) and regulatory T cells (Treg cells),
which, upon receiving tumour-derived signals, secrete a
plethora of cytokines to establish an immunosuppressive
microenvironment, thereby creating a conducive setting
for the seeding of circulating tumour cells. In the con-
text of metastatic breast cancer models, SI00A4 in the
peripheral environment can facilitate the differentiation
of Th cells towards Th2 cells, which subsequently secrete
downstream cytokines that upregulate the expression

of complement C3 via a STAT6-dependent pathway,
thereby recruiting neutrophils [24, 25]. In a lung cancer
model, tumours induce fibroblasts to secrete increased
levels of CCL1, which, through the activation of CCRS,
induces the differentiation of Tregs, ultimately contribut-
ing to the formation of an immunosuppressive premeta-
static niche [26].

Stromal cells

In addition to immune cells, native stromal cells also
serve as mediators of the initiation signal. In response
to signals secreted by tumours or immune cells, stro-
mal cells undergo a series of alterations to reshape the
surrounding microenvironment, transforming it into a
conducive environment for metastasis. Notably, normal
stromal cells include not only endothelial cells and fibro-
blasts but also a diverse array of tissue-specific cells from
various organs. In the lung, a subset of cells expressing
cyclooxygenase 2 (COX-2) can produce PGE2, which can
remodel the microenvironment by suppressing the func-
tion of dendritic cells [27]. Another type of stromal cell
in the lung, endothelial cells, can be stimulated by exo-
somal RNAs produced by tumours to secrete proinflam-
matory molecules, attracting neutrophils to participate in
the formation of the premetastatic niche [28]. In another
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organ, hepatic sinusoidal endothelial cells, which serve as
stromal cells in the liver, exhibit upregulated expression
of fibronectin, which facilitates adhesion to tumour cells
and progression, by tumour-secreted extracellular ves-
icles (EVs) containing TGF-B1[29]. Stromal cells exhibit
specificity in shaping niches, displaying distinct altera-
tions when confronted with various metastatic cancer
types.

Molecular components of the premetastatic niche
Tumour-derived secreted factors (TDSFs): Tumours
secrete various signalling molecules (i.e., TDSFs) that
influence surrounding tissues and cells. A significant
quantity of TDSFs has been found to play a role in the
formation of the premetastatic niche, with the func-
tion of TDSFs varying according to the specificity of the
tumour. In a study on bone metastasis, vascular endothe-
lial growth factor (VEGF) was shown to recruit vascu-
lar endothelial growth factor receptor+ (VEGER+) cells,
which can capture CXCR4+tumour cells [30]. However,
in a study on lung metastasis, VEGF was shown to induce
the expression of S1I00A8 and S100A9 to promote the
formation of the premetastatic niche [31]. Research on
this topic has become increasingly detailed, with greater
systematic recognition of various TDSFs, such as nuclear
factor kB (NF-kB) and hypoxia-inducible factor-1 (HIF-
1). TDSFs can directly interact with immune cells or stro-
mal cells to reshape their phenotypes and prepare the
surrounding microenvironment for tumour metastasis
through different signalling pathways.

Extracellular vesicles (EVs): Complex communication
occurs between the premetastatic niche and circulating
tumour cells, and EVs have been recently discovered as
conduits of intercellular information interchange [32].
EVs are lipid bilayer-encased entities that are extruded
from the cell membrane and transport nucleic acids and
proteins. EVs are commonly categorized into different
subtypes: exosomes, microvesicles, apoptotic bodies,
oncosomes, and megasomes [33]. In the microenviron-
ment of the premetastatic niche, we focus on tumour-
derived exosomes and microvesicles, which are generated
via the inwards budding of the tumour cell plasma mem-
brane. Exosomes, which are membranous structures,
are capable of secreting a multitude of cellular factors
into their surroundings, including cytokines that recruit
MDSCs, angiogenic factors, and microRNAs, all of which
can promote the formation of premetastatic niches [14,
34, 35]. Furthermore, recent research has revealed that
RNA fragments within exosomes can be recognized by
Toll-like receptor 3 to initiate the recruitment of neutro-
phils [28]. Microvesicles are believed to be more likely to
mediate communication and capture between circulating
tumour cells and stromal cells. Research on the contents
of microvesicles revealed that microvesicles are rich in
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metastasis-related proteases, such as matrix metallopro-
teinase (MMP)-2 and MMP-9, which participate in the
degradation of the surrounding extracellular matrix, con-
sequently bolstering tumour metastasis [36].

The formation of the premetastatic niche

Tumour-derived EVs play a crucial role in initiating pre-
metastatic niche formation, although the exact mecha-
nisms remain unclear. In recent studies, the formation of
the premetastatic niche has been shown to involve four
primary parts: changes in vascular permeability, activa-
tion of stromal cells, reprogramming of the extracellular
matrix (ECM), and recruitment of immune cells [13].

Enhancing vascular permeability

Alterations in vascular permeability manifest as hyper-
permeability of the vascular endothelium, aberrant mor-
phologies, and destruction of the vascular basement
membrane. Induced by TDSFs such as cyclooxygen-
ase 2 (Cox-2) and the EGF receptor (EGFR) ligand epi-
regulin, vascular permeability at distal metastatic sites
increases, facilitating the extravasation of various cells
and collectively constructing the premetastatic niche
microenvironment [37]. Cox-2 catalyses the synthesis
of prostaglandins, and among cerebral prostaglandins,
PGE2 is capable of binding to EP2 and EP4 receptors on
vascular endothelial cells, thereby activating the down-
stream cAMP/PKA signalling pathway, phosphorylating
occludin, and consequently enhancing vascular perme-
ability, which facilitates cellular extravasation [38].

Activation of stromal cells

Studies on stromal cells have shown that upon the induc-
tion of EVs, resident stromal cells of distant organs
exhibit elevated expression levels of the S100 protein
family, which can increase bone marrow-derived cell
recruitment and tumour cell adhesion [39]. Fibroblasts in
the matrix serve as a classic example of cells that upreg-
ulate the expression of the S100 protein family upon
stimulation with exosomes. Different initiating cancer
cells lead to the upregulation of distinct proteins. Among
them, the S100 family protein with the most well-studied
mechanism is S100A4, which has been found to be abun-
dant in the premetastatic niche. SI00A4 has been shown
to activate the JAK-STAT3 signalling pathway, leading
to an increase in osteopontin gene expression, thereby
conferring a greater propensity for metastasis in affected
individuals [40]. SI00A8 and S100A9 promote cell prolif-
eration and inhibit apoptosis, laying the groundwork for
the successful colonization of tumour cells [41].

ECM remodelling
ECM remodelling is a key step in the preparation of
distant organs for metastasis, and one of the most
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noteworthy features of this process is organ specific-
ity, indicating that different organs exhibit unique adap-
tive changes. The vital components of ECM remodelling,
fibronectin and proteoglycans, can play roles in tumour
cell capture and obstruction of immune cell function
[42]. Matrix metalloproteinases play crucial roles in the
remodelling of the extracellular matrix via diverse mech-
anisms. For example, MMPs can degrade the surrounding
fibrous collagen, affecting tumour cells by downregulat-
ing p27kip1 and thus fostering proliferation. Additionally,
they can degrade surrounding mechanical components,
releasing growth factors bound within the ECM to stimu-
late the proliferation of nearby cells [43, 44].

Recruitment of immune cells

The last step involves creating a unique immune land-
scape. The cytokines and exosomes secreted by sur-
rounding cells can both contribute to the recruitment
of immune cells, orchestrating a complex interplay of
signals that ultimately dictates the trafficking and local-
ization of immune cells within the premetastatic niche.
Exosomal RNA, enriched in small nuclear RNA from
primary tumours, activates lung epithelial cells, which in
turn induces the secretion of chemokines in the lungs to
increase the recruitment of neutrophils [45]. The distinct
premetastatic microenvironment not only attracts aggre-
gated immune cells but also induces phenotypic altera-
tions in response to diverse signalling molecules, thereby
modulating their behaviours and functions. One of the
most renowned features is immunosuppression, which is
closely associated with the chemotaxis and polarization
of immune cells [46]. Representative examples include
the premetastatic niche recruiting immunosuppres-
sive MDSCs and inducing neutrophils to differentiate
towards a protumor phenotype, the N2 phenotype [47,
48]. This differentiation process is believed to be associ-
ated with the secretion of G-CSF by tumour cells, and N2
neutrophils are known to express high levels of matrix
metalloproteinase 9, which can modify the surrounding
stromal environment to facilitate tumour cell metastasis
[49]. Recent studies have revealed that tumour-derived
exosomes play a critical role in this process.

Roles of neutrophils in the formation of the
premetastatic niche

Chemotaxis

Neutrophils are pivotal both in terms of quantity and
function at distant metastatic sites. The factors that
recruit neutrophils from circulating blood are primar-
ily classified into three major categories: chemotactic
factors, extracellular vesicles (EVs) and other bioactive
factors [50]. The most well-studied chemotactic factors
are the C-X-C motif chemokine ligand (CXCL) fam-
ily. CXCL8 (IL-8)/CXCR2 is likely the most common
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chemotactic axis that functions abundantly at distal
sites, and IL-8 is secreted by tumour cells and stromal
cells in various cancers, such as breast cancer, colorec-
tal cancer, cervical cancer, and acute myeloid leukaemia
[51]. Following the activation of CXCR2, GTPase-acti-
vating protein 1 (IQGAP1) and vasodilator-stimulated
phosphoprotein (VASP) adhere to this receptor. F-Actin
binds to CXCR2 via IQGAP1 and VASP, initiating fila-
ment contraction and consequent chemotaxis [52]. Nota-
bly, in Yu’s study focusing on murine models deficient
in CXCR2 expression, fewer infiltrating neutrophils and
metastases in distant organs were observed [53]. Extra-
cellular vesicles (EVs) are single-membrane vesicles with
pivotal roles in facilitating long-range intercellular com-
munication through their cargo, including DNA, RNA
and certain proteins. In particular, tumour-derived EVs
have emerged as critical components in the orchestra-
tion of the premetastatic niche. In a recent investigation,
Toll-like receptor 3 (TLR3) expressed on lung epithelial
cells was identified as the catalyst instigating neutrophil
recruitment and the establishment of lung premeta-
static niches. This process occurs through the detection
of tumour-derived exosomal RNA by TLR3, thereby
stimulating the secretion of CXCL5 and CXCL12[28].
Prominent representatives of bioactive molecules include
myeloid-related proteins such as SI00A8 and S100A9,
which are abundantly expressed at metastatic sites and
serve as potent chemoattractants for neutrophils [54].
Nevertheless, the precise mechanism underlying MRP-
mediated neutrophil mobilization remains elusive, and
more in-depth explorations are warranted. Another cru-
cial bioactive molecule is the downstream product of
vascular endothelial growth factor (VEGF), which can
recruit neutrophils and mediate their adhesion to post-
capillary venules [55].

Adaptive alterations in neutrophils

Upon attraction to distant metastatic organs, neutrophils
undergo a series of phenotypic alterations influenced by
the surrounding microenvironment to facilitate premet-
astatic niche formation. Neutrophils in cancer exhibit
heterogeneity, manifesting both an antitumorigenic phe-
notype (N1) and a protumorigenic phenotype (N2) [16].
The intricate microenvironment surrounding the niche
during its formation significantly influences the differ-
entiation of neutrophils [56]. Type I interferons (IFNs)
play a crucial role in shaping immune responsiveness
by directing the polarization of neutrophils towards the
N1 phenotype [57]. In recent investigations of murine
models, the absence of type I interferons often not only
results in significant aggregation of neutrophils and their
transition towards the N2 phenotype but also leads to the
secretion of substantial amounts of neutrophil-derived
immunosuppressive molecules such as SI00A8, SI00A9,
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and Bv8[31, 54, 59]. Not only does the decrease in IFNs
play a role in the formation of the premetastatic niche,
but the secretion of IL-6, IL-10, and G-CSF by tumour
cells also induces the transition of neutrophils towards
the N2 phenotype upon arrival at premetastatic sites via
the bloodstream to create an immunosuppressive envi-
ronment [28]. However, this finding does not imply that
all neutrophils in the metastatic environment convert
to the N2 phenotype. In most cases, neutrophils in the
premetastatic niche predominantly exist in coexisting N1
and N2 phenotypes.

Neutrophil extracellular traps (NETs), newly discov-
ered structures originating from neutrophils, are also
believed to be involved in the metastasis of tumour cells.
NETs are large, adhesive networks composed of decon-
densed chromatin filaments and protein molecules,
including histones and neutrophil elastase [59]. Unique
molecular constituents within the premetastatic micro-
environment prompt NET generation, with pivotal insti-
gators encompassing IL-8 from other inflammatory cell
reservoirs, high mobility group box protein 1 (HMGB1)
and G-CSF originating from tumour cells [60]. IL-8 not
only functions as a chemoattractant for neutrophils,
as discussed earlier, but also serves as a critical inducer
in the process of NET generation. Upon recognition by
CXCR2, neutrophils initiate the PI3K/AKT/reactive oxy-
gen species (ROS) signalling cascade, which catalyses
the production of NETs [61]. G-CSF secreted by tumour
cells can reshape the haematopoietic function of the bone
marrow and promote the differentiation of neutrophils
towards the protumor N2 phenotype [47]. The specific
mechanisms by which platelets promote the formation
of NETs have not been fully elucidated; however, stud-
ies have confirmed that platelets also release HMGBI,
which is recognized by TLR4 receptors on the surface of
neutrophils, thereby inducing NET formation. Notably,
the net-like structure of NETs is particularly conducive
to capturing free-floating platelets, potentially resulting
in a positive feedback regulatory effect [62, 63]. More-
over, complement 3 (C3) within the complement system
has been shown to promote the formation of NETs [64].
NETs have been demonstrated to facilitate tumour cell
survival and proliferation through various mechanisms,
such as suppressing apoptosis and increasing the expres-
sion of activation markers in tumour cells or increasing
ATP production in tumour cell mitochondria to promote
proliferation [61, 65].

Metabolic alterations are another important change
in neutrophils to facilitate the successful metastasis and
growth of tumours. The metabolic changes include the
upregulation of fatty acid transport protein 2 (FATP2)
and increased levels of Argl, both of which inhibit the
tumoricidal activity of CD8+T cells to some extent
[66—68]. The increased expression of FATP2 induces
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neutrophils to engulf lipids and metabolize them into
prostaglandin E2 (PGE2), which could cause T-cell sup-
pression via the PGE2-EP2/EP4 signalling pathway [69].
ARG1 impedes T-cell proliferation and functionality
by depleting the indispensable amino acid L-arginine,
which is crucial for T-cell activation and proliferation
and promotes the polarization of macrophages towards
an immunosuppressive M2-like phenotype [67]. Another
altered metabolic pathway is glucose metabolism, and
studies have shown that tumour-associated neutrophils
exhibit elevated rates of glycolysis and oxidative phos-
phorylation compared to neutrophils in normal tissues
[70]. In the future, elucidating the precise mechanisms
underlying accelerated glycolysis will be imperative.

Neutrophils prepare the surroundings for tumour
metastasis

After undergoing chemotaxis and being shaped by the
surrounding milieu, neutrophils also prepare the envi-
ronment around them to facilitate successful coloniza-
tion by circulating tumour cells.

The protumor neutrophil phenotype, N2, is shaped by
the premetastatic microenvironment and can promote
tumour cell seeding and progression through the secre-
tion of various molecular components. Some of the most
crucial molecular components are proinflammatory fac-
tors, specifically TNF-a, which alters the surrounding
environment and participate in the constitution of one of
the premetastatic niche characteristics—inflammation.
Leukotrienes, products upregulated on neutrophils sepa-
rated from premetastatic sites, have been found to induce
tumour cell proliferation and metastasis. Moreover, the
converse approach of inhibiting the enzyme responsible
for leukotriene synthesis, arachidonate 5-lipoxygenase
(ALOX-5), has also been discovered to modulate T-cell
aggregation, thus reducing tumour metastasis [6, 71].
The factors secreted by tumours also aid in tumour cell
growth. A recent study revealed that the iron transport
protein secreted by ly6g+neutrophils can promote the
mitosis of tumour cells. Moreover, the generation of iron
transport proteins is induced by tumour cell-secreted
GM-CSF through the activation of the neutrophil Janus
kinase (Jak)-Stat5p pathway [72].

Neutrophils are also capable of directly interacting
with circulating tumour cells, thereby facilitating their
metastatic colonization. Research has shown that neutro-
phils aid in the retention of human melanoma cells in the
lungs by facilitating the tethering of circulating tumour
cells (CTCs) to the endothelium [73]. Despite longstand-
ing research on direct interactions between neutrophils
and circulating tumour cells, investigations into their
precise mechanisms remain relatively limited. Currently,
the majority of studies predominantly focus on the clas-
sical interactions between integrins on neutrophils and
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intercellular adhesion molecule 1 (ICAM-1) on tumour
cells [74, 75]. ICAM-1 interacts with MAC-1 on neu-
trophils, forming a complex that subsequently migrates
towards the vascular wall, facilitating transendothelial
movement, and ultimately seeding at premetastatic sites
[76]. Furthermore, studies have indicated that direct
contact between neutrophils and circulating tumour
cells can also facilitate the binding of tumour cells to
vascular endothelial cells. The analysis of direct interac-
tions between neutrophils and tumour cells is still in its
nascent stage, representing a highly promising avenue of
research.

NETs formed through the stimulation of primary
tumours can act as scaffolds for circulating tumour cells,
providing a favourable environment for their coloniza-
tion and growth, and this particular role has been con-
firmed in the omental metastasis of ovarian cancer and
liver metastasis of colon cancer [77, 78]. The capture
of circulating tumour cells by NETs can be mediated
by B-integrins [79]. They have been demonstrated to
facilitate tumour cell survival and proliferation through
various mechanisms, such as suppressing apoptosis
and increasing the expression of activation markers in
tumour cells or increasing ATP production in tumour
cell mitochondria to promote proliferation [61, 65]. In
addition to their direct capture function, many compo-
nents of NETs can also indirectly influence the metastasis
of tumour cells. For example, one of the crucial constitu-
ents of NETs, the DNA-histone complex, can recognize
and bind to the transmembrane protein CCDC25 on
breast cancer cells, thereby activating the downstream
ILK-paxillin pathway to increase the motility of tumour
cells [80]. In colorectal cancer, NE may trigger the TLR-4
signalling pathway in tumour cells, leading to the upregu-
lation of proteins involved in tumour mitochondrial bio-
genesis and growth [81]. NETs can also perform barrier
functions.

We may conclude that upon migrating to the premeta-
static niche, neutrophils engage in significant interactions
with the local milieu. These interactions facilitate the
transformation of the surrounding environment into one
that is conducive to metastasis, laying the groundwork
for the colonization of circulating tumour cells (Fig. 2).

Although the aforementioned description details how
neutrophils enter premetastatic organs and prepare for
the colonization of circulating tumour cells, the mecha-
nisms of successful premetastatic niche formation differ
depending on the target organ. The following table 1 cat-
egorizes different organs and succinctly summarizes the
key molecules and specific mechanisms mediating neu-
trophil migration and function in various organs.
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Characteristics of premetastatic niches formed by
neutrophil involvement

Due to the intricate structural components and dis-
tinctive physiological niches, many of features, such as
immunosuppression, angiogenesis, lymphangiogen-
esis, and organotropism, have been elucidated with
remarkable clarity. In the following discourse, we shall
specifically delve into which characteristics entail the
involvement of neutrophils and expound upon their roles
in these processes.

Inflammation

The relationship between inflammation and cancer is not
new [97]. The microenvironment dominated by inflam-
matory cells plays an indispensable role in the progres-
sion and metastasis of tumours [98]. As discussed in the
preceding section, one of the pivotal pathways through
which neutrophils shape the surrounding microenvi-
ronment to prepare for tumour metastasis involves the
secretion of proinflammatory factors, which include
not only specific cytokines but also various proteases.
One of the representative proinflammatory cytokines is
TNF-a, which has been found to participate in oedema
formation, regulate blood coagulation, recruit immune
cells and promote oxidative stress at sites of inflam-
mation [99]. The involvement of inflammatory cells in
orchestrating the tumour microenvironment is deemed
an indispensable step in the progression and metastasis
of tumours, where neutrophils, as secretors of proinflam-
matory factors such as IL-12, induce inflammation in the
surrounding microenvironment, thereby activating adja-
cent endothelial and stromal cells to increase the adhe-
sion of circulating tumour cells [6, 100]. Other significant
inflammatory factors, the proteases, predominantly com-
prise neutrophil elastase (NE), myeloperoxidase (MPO),
and matrix metalloproteinases (MMPs). NE exhibits
strong hydrolytic activity and is capable of hydrolysing
fibronectin, proteoglycans, type IV collagen, and other
extracellular matrix proteins. This process exacerbates
damage to the basement membrane and surrounding
tissues, worsening the inflammatory condition of the
surrounding environment [101]. MMPs can degrade
endothelial calmodulin, leading to compromised endo-
thelial integrity and promoting the leakage of circulating
tumour cells [102].

The establishment of an inflammatory milieu does not
rely solely on neutrophils. The interplay among regula-
tory immune cells, inflammation, cancer growth, and
metastasis involves complicated molecular components
and signalling pathways. For example, improper activa-
tion of Toll-like receptor 4 (TLR4) on tumour cells within
premetastatic niches can lead to increased invasive-
ness and resistance to apoptosis, whereas inappropriate
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Fig. 2 Upon entering the premetastatic niche through chemotaxis, interactions occur between the microenvironment and neutrophils. Influenced by
the microenvironment, neutrophils undergo a phenotypic transformation into a protumorigenic state, stimulating the production of neutrophil extracel-
lular traps (NETs) and immunosuppressive factors. Activated neutrophils lead to the progression of local inflammation and the entrapment of circulating

tumour cells, thereby facilitating tumour progression

activation of TLR4 on other immune cells can result in
pronounced inflammatory responses [103].

Immunosuppression

Tumours, as targets for immune surveillance and elimi-
nation by the immune system, face hindrances in terms
of their progression and metastasis within the body.
However, tumours possess unique immunosuppressive
mechanisms to shield themselves from immune system
assault. Within the premetastatic niche of the dissemi-
nated tumour, immunosuppression is a well-established
facilitator of metastatic traits. Evidence indicates the
pivotal role of neutrophils in orchestrating immunosup-
pression within the premetastatic niche. First, a unique
form of neutrophil death discovered in recent years,
ferroptosis, plays a significant role in immunosuppres-
sion. Ferroptosis is a nonapoptotic form of regulated cell
death triggered by the dysregulation of redox mecha-
nisms, ultimately leading to the release of large quanti-
ties of peroxidized polyunsaturated phospholipids into

the surrounding microenvironment that subsequently
restrict the proliferation and function of T cells [104,
105].

In addition, neutrophils within the premetastatic niche
can undergo phenotypic transitions, thereby inhibiting
immune responses. Within the premetastatic microen-
vironment, numerous factors induce neutrophils to dif-
ferentiate into a protumor phenotype known as N2. N2
neutrophils employ various mechanisms to suppress
the normal functions of the surrounding immune sys-
tem, thereby promoting the survival of tumour cells. N2
neutrophils are capable of secreting immunosuppressive
factors; for example, type 1 arginase (ARG1) is a prote-
ase released by neutrophils that degrades arginine, which
is important for maintaining T-cell function through
the expression of the T-cell coreceptor CD3([108]. The
immunosuppressive function of neutrophils also mani-
fests as the upregulation of programmed death ligand 1
(PD-L1), an important coinhibitory molecule that recog-
nizes programmed death 1 (PD1) on T cells to restrain
their activity [107]. The specific underlying mechanism
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Table 1 A summary of the determinative molecules and related mechanisms that guide induction towards various target organs

Organ

Molecule

Mechanisms

Refs.

Lung

Breast

Lymph
nodes

Liver

Brain

Pancreas

Exosomal

RNA

Lin28B

ANGPTL2

Oxysterols

Morgana

FGF19

FGF19

CEMIP

CXCL-8

Mesothelin

C-Met

CXCL1

collagen

CXCL2

Recognition of exosomal RNA by TLR3 induces the expression of HAO1 in alveolar epithelial cells, leading to exces-
sive oxalate production. Accumulation of oxalate in the lungs initiates the formation of neuroendocrine tumours,
thereby triggering premetastatic niche genesis.

Lin28B sourced from tumour-derived exosomes also instigates the production of IL.-6 and IL-10 within the pre-
metastatic niche, sufficiently prompting N2 conversion to upregulate PD-L2 and induce a dysregulated cytokine
milieu, resulting in peritumoral immune suppression and fostering premetastatic niche formation.

The tumour-secreted ANGPTL?2 activates the integrin a5@31 receptor on nonepithelial cells, inducing the produc-
tion of chemotactic factors that drive the recruitment of neutrophils, thereby playing a role in the establishment of
the premetastatic niche.

The oxysterol 27-HC recruits immunosuppressive neutrophils within the metastatic niche and reprograms the
tumour microenvironment through sulfotransferase 2B1b-mediated oxysterol depletion, favouring control over
the formation of breast tumours and metastasis.

Morgana is indispensable for bridging the IKK (IkB kinase) complex to its substrate IkBa (NF-kB inhibitor a), initiat-
ing subsequent NF-kB activation within primary tumours and inducing the production of diverse cytokines. These
cytokines have the capability to modulate NK cell inactivation and neutrophil recruitment, thereby fostering
metastatic progression.

Primary tumours continuously secrete extracellular vesicles (EVs), which are actively taken up by lymphatic endo-
thelial cells. Subsequently, lymphatic endothelial cells secrete CXCL8 or CXCL2 upon receiving EVs. Both CXCL8 and
CXCL2 serve as potent neutrophil chemoattractants and effective inducers of neutrophil extracellular trap (NET)
formation.

FGF19 induces the phosphorylation of the cancer cell transcription factor ETV4, increasing the recruitment of
tumour-associated neutrophils (TANs) by cell-derived chemokines C-X-C motif ligands (CXCL) 1/8 and resulting

in increased levels of vascular endothelial growth factor A (VEGFA) and matrix metalloproteinase-9 (MMP9) to
promote lymphatic vessel formation and the LN metastasis of primary carcinomas.

FGF19 activates the autocrine effect of IL-1a via the FGFR4-JAK2-STAT3 pathway, mediating the polarization of
hepatic stellate cells towards inflammatory cancer-associated fibroblasts (iICAFs). FGF19-induced iCAFs promote
neutrophil infiltration and mediate neutrophil extracellular trap (NET) formation by generating complement C5a
and IL-1B, thereby facilitating metastasis.

CEMIP has the potential to increase the hepatic infiltration of immunosuppressive neutrophils through the TGF(3-
chemokine (C-X-C motif) ligand (CXCL)3/1-CXCR2 axis, thereby promoting the formation of the premetastatic
niche.

A positive feedback loop exists between tumoral IL-8 and NETs, culminating in the substantial generation of NETs
at metastatic sites within the liver and thereby facilitating the successful metastasis of the tumour.

Mesothelin secreted by pancreatic cancer cells initially stimulates macrophages to produce a large amount of
S100A9. This protein can guide neutrophil infiltration of the lungs and the formation of neutrophil extracellular
traps to facilitate successful metastasis.

The overexpression of c-Met in premetastatic sites promotes the secretion of various inflammatory cytokines,
including CXCL1/2 and G/GM-CSF, thereby increasing the infiltration and survival of neutrophils. This process leads
to the substantial production of LCN2 by neutrophils, facilitating the settlement and progression of tumour cells.
The substantial amount of CXCL1 produced within brain metastatic foci is recognized and bound by CXCR2 on the
surface of neutrophils, leading to the recruitment of a significant number of neutrophils into the metastatic site.
This process results in the generation of a large quantity of NETs, thereby promoting the success of metastasis.

In the cancer microenvironment, activation of DDR1 in cancer cells under the influence of collagen becomes the
primary stimulus for CXCL5 production. This activation leads to the recruitment of neutrophils into premetastatic
organs, the formation of neutrophil extracellular traps (NETs), and subsequent cancer cell metastasis.
Neutrophil-secreted CXCL1 and 2 from tumours can be carried into premetastatic sites by exosomes, thereby in-
ducing the entry of neutrophils. These neutrophils express growth arrest-specific 6 (Gas6), leading to the activation
of the AXL receptor on tumour cells and enabling their successful colonization and progression.

[83]

is now quite clear: GM-CSF released by tumour cells can
activate neutrophils via the Jak-Stat3 signalling pathway,
inducing the expression of PD-L1 on neutrophils [108].
NETs also play a role in establishing the immunosup-
pressive characteristics of the surrounding environ-
ment [109]. In experiments conducted by Christof et
al., a majority of CD4+and CD8+TILs expressed vari-
ous inhibitory receptors in NET-rich microenviron-
ments. Additionally, these cells exhibited a phenotype

of functional and metabolic exhaustion. The subsequent
targeted degradation of NETs in vivo through DNase
treatment in mice led to suppressed tumour growth, with
the functions of surrounding T cells restored to normal
levels [110]. Another crucial function of NETs is their
barrier capabilities; their distinctive mesh-like struc-
tures not only provide anchorage points for tumour cells
but also serve as a physical barrier, shielding tumour
cells from contact and damage by cytotoxic cells [111].
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Intravital microscopy has provided evidence that neutro-
phil extracellular traps (NETs) interfere with the contact
between cytolytic T lymphocytes (CTLs) and NK cells
with tumour cells [112].

Indeed, immunosuppression within premetastatic
niches is not solely attributed to the functions of neu-
trophils alone. MDSCs are inevitably pertinent; they can
hinder the functions of immune cells within the local
environment through the generation of reactive oxy-
gen species (ROS) [113]. Additionally, the aggregation
of myeloid cells impedes dendritic cell activation and
prompts macrophage differentiation towards the immu-
nosuppressive M2 phenotype. This mechanism is orches-
trated by the secretion of GRP78 by breast cancer cells
[114]. Immunosuppression undeniably emerges as a sig-
nificant hallmark facilitating the successful dissemination
of tumours.

Angiogenesis

One notable feature of tumours is the intricate vascula-
ture developed within the tumour tissue. Premetastatic
niches, which serve as target sites for tumour metasta-
sis, also exhibit preexisting angiogenesis. Neutrophils are
significant promoters of angiogenesis. Within the human
body, neutrophils are considered rich in VEGFA. Upon
exposure to TNF, these cells rapidly degranulate and
release VEGFA into the surrounding microenvironment,
where it targets VEGFR2 on endothelial cells, thereby
facilitating angiogenesis. Furthermore, G-CSF, which is
recognized by G-CSEFR, initiates the JAK/STAT3 path-
way, increasing the expression of proangiogenic factor 2
and thereby increasing the proliferation of vascular endo-
thelial cells [115].

The discovery and elucidation of the role of NETs in
promoting angiogenesis are still in their nascent stages.
In a recent study conducted by Yang et al., the research-
ers discovered that one of the primary components of
NETs, NET-DNA, can bind to the ccdc25 receptor on
human umbilical vein endothelial cells (HUVECs), acti-
vating AKT/mTOR signal transduction. This activation
facilitates HUVEC proliferation, thus initiating angio-
genesis and promoting tumour metastasis and progres-
sion [116]. A notable characteristic of angiogenesis is its
potential for self-perpetuation through internal loops.
Specifically, angiogenesis induced by NETs can recruit
additional neutrophils, which, when stimulated, contrib-
ute to further NET formation. The underlying mecha-
nism involves the recognition and binding of Notchl
receptors on endothelial cells by tumour cells. This inter-
action increases the expression of VCAMI1 receptors,
consequently promoting the recruitment and infiltration
of neutrophils [117]. Moreover, studies have indicated
that neutrophil extracellular traps (NETs) can facilitate
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vascular rejuvenation and generation by eliminating the
senescent vasculature [118].

In contrast to the incomplete understanding of neutro-
phil involvement in angiogenesis, mechanisms involving
other cellular and molecular components have long been
elucidated and shown to promote vascular formation.
For example, recruited TIE2+monocytes have the capac-
ity to secrete high levels of VEGE, thereby fostering the
formation of a perivascular niche conducive to metastasis
[119]. Tumour-derived extracellular vesicles also play piv-
otal roles in promoting angiogenesis. For example, extra-
cellular vesicles originating from colorectal cancer cells
harbour miR-25-3p, which selectively binds to KLF2 and
KLF4, thereby orchestrating the expression of VEGFR2,
Z0O-1, occludin, and Claudin5 and consequently fostering
vascular permeability and angiogenesis [120].

Extracellular matrix remodelling

The extracellular matrix (ECM) is a component of the
microenvironment that is essential for tumour cell sur-
vival. The transformation of the intracellular micro-
environment during premetastatic niche formation is
comprehensive, extending beyond cellular components
to influence extracellular matrix constituents as well.

The extracellular matrix (ECM) is composed of chro-
matin and granule proteins, with various components,
such as metalloproteinases, myeloperoxidase (MPO),
neutrophil elastase (NE), and proteinase 3, involved in
its remodelling [121]. Metalloproteinases secreted by
neutrophils play a significant role in reshaping the sur-
rounding environment [122]. Among the matrix metal-
loproteinase family, MMP-9 has been extensively studied.
It can degrade the existing matrix to generate VEGF-a,
thus promoting endothelial proliferation within blood
vessels [123]. An analysis of MMTV-PyMT transgenic
breast cancer model mice revealed that MMP-9 is over-
expressed in the lungs, indicating its importance in the
metastatic process [124]. Another substance pivotal in
the remodelling of the pericellular matrix is neutrophil
elastase (NE), which degrades proteins within the peri-
cellular matrix, consequently influencing intercellular
signalling. The tumour suppressor protein EMILIN1
serves as a substrate for neutrophil elastase. In sarcomas
and ovarian cancers, notable degradation of EMILIN1
within the pericellular matrix by neutrophil elastase has
been observed, leading to a shift in the pericellular envi-
ronment in a protumorigenic direction [125]. Recently,
a novel enzyme secreted by neutrophils, cathepsin-g,
has been identified. Cathepsin G can degrade endothe-
lial calcium-binding protein and fibronectin within the
surrounding microenvironment, activate MMPs, and
increase the strength of MCF-7 cell adhesion medi-
ated by E-calcium-binding protein, thus promoting the
implantation of tumour cells [126, 127].
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Fibrosis of the extracellular matrix is an unavoid-
able topic in the remodelling of premetastatic niches.
A confirmed mechanism of fibrosis involves the uptake
of extracellular vesicles mediated by CD44v6/C1QBP
in haematopoietic stem cells. In this PDAC model, ves-
icle uptake leads to the phosphorylation of insulin-like
growth factor 1 and downstream signalling, culminating
in the activation of haematopoietic stem cells and fibrosis
[128]. Many studies have linked fibrosis in the premeta-
static niche with the recruitment of immune cells and the
progression of metastasis. However, further exploration
is needed to definitively establish how fibrosis precisely
initiates these downstream effects.

Treatments targeting neutrophils in the
premetastatic niche

The preceding discussion underscores the importance of
neutrophils as integral constituents of the premetastatic
niche, as they are architects of many pivotal features. The
formation of and physiological alterations in neutrophil
function constitute mutually influential processes that
are independent of each other. As the premetastatic niche
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has emerged as a crucial destination for cancer metasta-
sis, it has become a focal point in efforts to inhibit cancer
dissemination. Existing therapies related to neutrophils
can be broadly categorized into four classes: (1) inhibi-
tion of bioactive substance secretion by neutrophils; (2)
engineering of neutrophil membranes; (3) induction of
the pseudopremetastatic niche in vivo to misguide neu-
trophils; and (4) targeting NETs within the premetastatic
niche (Fig. 3).

Inhibition of bioactive substance secretion by neutrophils
Upon attraction by chemotactic factors to premeta-
static sites, neutrophils undergo phenotypic alterations
and secrete a series of bioactive substances through the
induction of the surrounding environment, thereby con-
structing essential features of premetastatic niches.

One prominent feature is inflammation, and neutro-
phils, crucial inflammatory cells, are frequently observed
to upregulate the expression of IL-6, which could pro-
mote tumour metastasis by suppressing the function of
CD8+T cells through the overexpression of PD-L1[131,
132]. In a Gprc5a-knockout mouse model of cancer,

* ©

wawinIoay

®

Injecting CLGs into the
body prevents cells

"\ lactic-co-glycolic ‘\‘N('.Tgemination
.| acid )

gels with
materials, &6,

.

8

4
3k
§ Yol
§ S

-

¢'—

P <

Fig.3 Current therapeutic strategies targeting the premetastatic niche have been widely proposed, yet treatments focusing on neutrophils within these
niches remain in the developmental stage. We delineated the specific mechanisms of these four existing therapeutic approaches



Jia et al. Molecular Cancer (2024) 23:200

the use of anti-IL-6 antibodies as a control treatment
revealed the restoration of both innate and adaptive
immune responses within the microenvironment. More-
over, this approach resulted in the successful suppression
of pulmonary metastasis [130]. In another study focusing
on ovarian cancer, investigators reported potent anti-
cancer activity through the concurrent administration of
neutralizing IL-6 antibodies and the epidermal growth
factor (EGFR) inhibitor gefitinib [131].

Another pivotal therapeutic target is the matrix metal-
loproteinase (MMP) family. A therapeutic strategy for
inhibiting matrix metalloproteinases has long been
proposed, yet the absence of selective inhibitors has
impeded successful research outcomes. With advance-
ments in biotechnology, treatment regimens involv-
ing MMPs have once again emerged at the forefront of
attention. For example, the utilization of MMP-9-specific
antibodies in MMTV-PyMT breast cancer models has
revealed notable suppression of lung cancer metastasis
[132]. Moreover, another member of the matrix metallo-
proteinase family, MMP-14, is also regarded as a poten-
tial therapeutic target, and researchers have discovered
an antiangiogenic immunotherapy that inhibits MMP-14
that could overcome therapeutic resistance in colorectal
cancer [133].

Among all biologically active substances secreted by
neutrophils, inhibitors of NE may represent one of the
most extensively studied experimental directions in
clinical research. Endogenous inhibitors of neutrophil
elastase, such as elafin, exist naturally within the human
body. In breast cancer cells, the expression of elafin has
been found to trigger cell cycle arrest [134]. Sivelestat, a
neutrophil elastase inhibitor, has already emerged on the
market due to its anti-inflammatory properties. Research
has shown promising results in reducing the metastatic
burden in the liver and lungs of rats with colon adenocar-
cinoma and mice bearing human lung tumours, respec-
tively [135, 136].

Engineering of neutrophil membranes

Exploiting the abundant presence of neutrophils in pre-
metastatic niches, the membrane structure of neutro-
phils allows them to travel unhindered. Many researchers
have capitalized on this characteristic, focusing on the
membrane of neutrophils to identify therapeutic avenues
for tumour metastasis.

First, we introduce a sponge-like neutrophil mem-
brane-coated nanosystem (NM/PPcDG/D). Its synthesis
involves the self-assembly and crosslinking of a synthe-
sized redox-responsive polymer (PPDG) with nanocores
loaded with doxorubicin (D) (PPcDG/D). This process
yields PPcDG/D nanoparticles (NPs). An activated neu-
trophil membrane is subsequently coated to prepare
biomimetic NM/PPcDG/D [139]. This system exhibits
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remarkable premetastatic niche tropism, and the nano-
system serves as a nanosponge to neutralize inflamma-
tory factors associated with MDSC recruitment. MDSCs
are classical drivers of premetastatic niche formation,
and the ultimate outcome of this nanosystem is the inhi-
bition of premetastatic niche formation [138]. Another
nanosystem exploits adhesion molecules on neutro-
phil membranes for targeted delivery to the circulating
tumour cell niche. Researchers have generated this nano-
system by encapsulating neutrophil membranes onto
the surface of poly(lactic-co-glycolic acid) nanoparticles
(NPs) [139]. NM-NPs augmented cellular interactions
in 4T1 cell models under shear flow conditions in vitro,
indicating increased CTC capture efficiency and reduced
recruitment towards the premetastatic niche.

In addition to nanosystems, neutrophil membranes
can also be modulated through bacterial magnetosome
processing to regulate premetastatic niche formation
[140]. In this process, live neutrophils undergo rapid
cryopreservation and transform into cryopreserved
neutrophils (CNEs). Subsequently, bacterial magneto-
somes (Mag) are further engineered onto the surface of
the CNE, forming CNE-Mag. As crucial components of
premetastatic niches, macrophages consistently exhibit
remarkable plasticity. Our engineered CNE-Mag pre-
cisely facilitates their repolarization from the M2 phe-
notype to the M1 phenotype, inducing a localized
environmental disruption and consequently impeding
metastasis formation [140, 141].

Induction of the pseudopremetastatic niche in vivo
Research indicates that neutrophils accumulate in the
tumour microenvironment or in metastatic niches to
facilitate tumour metastasis [47, 142—144]. The premeta-
static site can attract neutrophils and alter their pheno-
types and physiological functions. Activated neutrophils
play crucial roles in the formation of the premetastatic
niche and the capture of circulating tumour cells [28].

A recent emerging therapy involves creating a syn-
thetic premetastatic niche within the body to attract vari-
ous immune cells and molecular components, including
neutrophils. These sites are supposed to lack adequate
biological materials and chemical factors, thereby inhib-
iting the migration of tumour cells to specific locations.
CXCL12 is a crucial chemotactic factor, and its recep-
tor, CXCR4, is expressed not only on neutrophils but
also on numerous cancer cells. The authors developed
a CXCL12-loaded gel (CLG) to investigate its therapeu-
tic efficacy in inhibiting tumour metastasis. The authors
selected hyaluronic acid gel as the carrier because previ-
ous studies have already documented the spatial colocal-
ization of CXCL12 and hyaluronic acid within the ECM.
The authors addressed the high instability of CXCL12 by
incorporating polymeric hydrogels, which can conceal
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and protect chemokines from enzymatic degradation,
into the system. Glycosaminoglycans (GAGs) were
employed to immobilize and increase the local concen-
tration of chemokines, promoting their oligomerization
and improving their presentation to receptors. C57BL/6
mice were subcutaneously injected with CLGs or empty
gels (EGs), followed by intravenous inoculation of B16-
hCXCR4-GEFP cells five days later. Compared with EGs,
CLGs have a greater capacity to recruit a greater quantity
of B16-hCXCR4-GFP cells, concurrently reducing pul-
monary metastasis in mice harbouring CLGs, and CLGs
are infiltrated by a greater number of CD45-positive leu-
kocytes, mainly neutrophils CD11b+Ly6G+cells[147].
The specific mechanism likely involves artificially creat-
ing a CXCL12-enriched environment at a localized site.
CXCL12 attracts and binds to CXCR4-overexpressing
cells, including tumour cells and various immune cells,
capturing them within a pseudoniche where they ulti-
mately die within two weeks. Through this process, the
critical number of metastasis-initiating cells may be
reduced.

Compared with existing therapies, this gel is less harm-
ful for preventing tumour metastasis. Conventional
radiotherapy and chemotherapy often result in significant
damage to normal cells due to their lack of specificity. In
contrast, this therapy, which specifically targets CXCR4-
overexpressing cells, markedly reduces the impact on
normal cells, thereby minimizing harm to the body. How-
ever, the feasibility of this treatment in humans requires
further investigation. For example, whether the injec-
tion of large amounts of this gel could trigger an immune
response or whether the pseudopremetastatic niche,
after attracting CXCR4 cells, might induce angiogenesis
and lymphangiogenesis at the gel site, making it difficult
to remove and potentially leading to unintended tumour
metastasis, remain to be investigated.

Targeting NETs

As previously discussed, NETs engage in stromal repro-
gramming within the premetastatic niche microenviron-
ment, participating in the capture of circulating tumour
cells. With recent advancements in understanding the
specific mechanisms and components contributing to
NET formation, inhibiting NET generation and imped-
ing their physiological functions have emerged as novel
therapeutic avenues.

Numerous distinct targets have emerged for therapeu-
tic interventions aimed at inhibiting NET formation. An
RNA-seq study suggested that the complement com-
ponent C3 plays a significant role in neutrophil recruit-
ment and NET formation, with its abundant expression
induced by Th2 cell cytokines and STAT6. Consequently,
the authors propose targeting the inhibition of the Th2
cell cytokine-STAT6-C3-NET axis as a therapeutic
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approach to suppress tumour metastasis [146]. Another
complement component implicated in inhibiting NET
formation is C5a, which can facilitate neutrophil genera-
tion of NETs by binding to C5aR1 on MDSCs, promot-
ing their migration to premetastatic sites. Furthermore,
in subsequent studies, both targeting tissue C5aR1 and
eliminating C5a have been shown to result in reduced
NET formation [147]. The formation of NETs, which is
intricately tied to chromatin decondensation and DNA
release, is strongly associated with histone proteolysis.
Researchers have observed a significant reduction in pul-
monary metastases in the MMTV-PyMT model via the
inhibition of arginine deiminase 4, which is responsible
for histone protein hydrolysis. However, this target has
yet to be explored in human tissues [148].

Additionally, therapeutic approaches have been
directed towards degrading preexisting NETSs, with
deoxyribonuclease I (DNase I) identified as an enzyme
capable of degrading NETs. However, its short half-life
has hindered its practical application. A novel research
avenue involves encapsulating DNase I within nanopar-
ticles, which not only overcomes the short half-life limi-
tation in the bloodstream but also preserves its efficacy in
inhibiting tumour metastasis [149].

Discussion

The premetastatic niche hypothesis is an emerging con-
cept concerning metastasis, primarily involving altera-
tions in vascular permeability, activation of stromal
cells, remodelling of the extracellular matrix (ECM), and
recruitment of immune cells. Neutrophils are recruited
into the premetastatic niche to prepare the surrounding
environment for tumour cell dissemination, providing
novel insights into therapeutic strategies for combating
cancer metastasis. However, the roles of neutrophils in
the premetastatic niche and therapeutic approaches still
have certain limitations.

Due primarily to the exceedingly short lifespan of
neutrophils within the body, the precise mechanisms
underlying their contributions to premetastatic niche
formation remain inadequately understood. In particular,
with the utilization of single-cell sequencing technology,
neutrophils account for less than 1.5% of the single-cell
sequencing outcomes across various prevalent sequenc-
ing platforms, making it challenging for us to fully eluci-
date their precise distribution and functions.

Moreover, many studies on therapeutic approaches
remain in the theoretical and animal testing phases;
namely, they are conducted in preclinical models. Con-
sequently, research focusing on neutrophils within the
premetastatic niche should be performed in models with
greater clinical relevance, such as patient-derived tumour
xenografts and tumour-derived organoids, and should
also encompass a broader range of clinical tissue samples.
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Research adopting neutrophils as a therapeutic entry
point is anticipated to become increasingly abundant.
With the continual advancement of single-cell sequenc-
ing technologies in recent years, the heterogeneity inher-
ent in human cells has increasingly come into focus. Just
as neutrophils exhibit diametrically opposed physiologi-
cal N1 and N2 phenotypes, many cells, including macro-
phages and B cells, have been discovered to be composed
not of a single phenotype but of multiple phenotypes.
Future therapeutic strategies aimed at preventing tumour
metastasis are expected to be tailored to specific cellular
subtypes, necessitating further research into the tumour
microenvironment and the premetastatic niche.

Abbreviations

PMN Pre-metastatic Niche

BMDCs Bone Marrow Derived Cells
ARGI1 Arginase 1

TGF-B Transforming Growth Factor-$3

CCL22 C-C motif Chemokine 22

MDSC Myeloid-Derived-Suppressor-Cells

GM-CSF Granulocyte-Macrophage Colony Stimulating Factor
PGE2 Prostaglandin E2
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