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Abstract

in-depth studies on PMN in RCC.

Renal cell carcinoma (RCC) is among the most frequently occurring types of cancer, and its metastasis is a major
contributor to its elevated mortality. Before the primary tumor metastasizes to secondary or distant organs, it
remodels the microenvironment of these sites, creating a pre-metastatic niche (PMN) conducive to the colonization
and growth of metastatic tumors. RCC releases a variety of biomolecules that induce angiogenesis, alter vascular
permeability, modulate immune cells to create an immunosuppressive microenvironment, affect extracellular matrix
remodeling and metabolic reprogramming, and determine the organotropism of metastasis through different
signaling pathways. This review summarizes the principal processes and mechanisms underlying the formation of
the premetastatic niche in RCC. Additionally, we emphasize the significance and potential of targeting PMNs for
the prevention and treatment of tumor metastasis in future therapeutic approaches. Finally, we summarized the
currently potential targeted strategies for detecting and treating PMN in RCC and provide a roadmap for further

Introduction

As of 2025, RCC is the sixth most common cancer in
men, with a relatively high mortality rate [1]. Clear cell
renal cell carcinoma (ccRCC) is the major subtype. This
subtype represents the predominant proportion, com-
prising over 70% of documented cases. Approximately
30% of patients experience tumor metastasis, with the
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most common metastatic sites being the lungs, bones,
lymph nodes, liver, adrenal glands, and brain [2, 3]. The
organ-specific nature of these metastases leads to vari-
ability in treatment responses and outcomes among
ccRCC patients with different metastatic sites. Therefore,
understanding the complicated mechanisms of the meta-
static process in ccRCC is essential for early-stage inter-
ventions for metastasis prevention and treatment.

Tumor metastasis is the major cause of death in most
cancer patients. Circulating tumor cells (CTCs), which
shed from the primary lesion and enter the blood-
stream, can infiltrate distant organs and evolve into dis-
seminated tumor cells with higher metastatic potential.
Under immune surveillance, most of disseminated tumor
cells are exterminated, while the remaining cells enter a
dynamic dormant state in distant organs, with the poten-
tial to colonize metastatic sites later [4]. According to
Stephen Paget’s “seed and soil” hypothesis proposed in
1889, disseminated tumor cells, as “seeds’, are more likely
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to establish in specific organ niches with favorable “soil”
[5].

Extensive research has demonstrated that before tumor
cells metastasize to distant organs, the primary tumor
can induce changes in the microenvironment of these
organs, transforming it into an environment conducive
to tumor cell migration, colonization and growth, termed
the pre-metastatic niche (PMN) [6]. PMNs are primarily
constructed through the interactions between tumor-
derived secretory factors (TDSFs), tumor-recruited bone
marrow-derived cells (BMDCs), and local host stromal
cells and their secreted cytokines. Studies have shown
that PMNs facilitate tumor metastasis through various
mechanisms, including angiogenesis/vascular perme-
ability, immune suppression, metabolic reprogramming,
organotropism and extracellular matrix remodeling [7].
This review explores the different mechanisms by which
RCC induces PMN formation and elucidates the char-
acteristics and significance of PMNs in RCC metastasis,
offering fresh perspectives for the early detection and
prevention of RCC metastasis.
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Formation of the PMN

PMNs form before CTCs reach their metastatic sites and
are distinct from the tumor microenvironment. PMNs
represent a microenvironment that, while lacking tumor
cells, is conducive to the survival, colonization, and pro-
liferation of tumor cells [8]. The presence of PMNs indi-
cates that metastasis is an orderly pathological process.
Based on the composition and characteristics of PMNSs,
the progression of tumor metastasis can be categorized
into four major stages in a temporal sequence [7, 9], as
described below (Fig. 1):

Stage 1: primary tumor initiating PMN formation

In the first stage, the primary tumor initiates the forma-
tion of PMNs. As the tumor grows, it releases TDSFs
and extracellular vesicles (EVs), such as exosomes and
microvesicles. These molecules arrive in distant organs,
triggering PMN formation. This stage is marked by the
recruitment of BMDCs which induce local inflammation,
alter vascular permeability and prepare the extracellular
matrix (ECM) for remodeling [10].
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Fig. 1 The formation process of PMN in chronological order. (A) During the initiation phase, primary tumor cells release various soluble factors, including
TDSFs, EVs and other molecular components. These factors recruit a small number of bone marrow-derived cells to the secondary or distant organs, trig-
gering the formation of an incipient PMN. (B) During the remodeling phase, a substantial influx of BMDCs and regulatory/suppressive immune cells is re-
cruited to the early PMN. Under the influence of tumor-derived molecules, a significant proportion of immune cells transition into an immunosuppressive
phenotype, resident stromal cells convert to a pro-tumor phenotype, and the ECM undergoes remodeling. This ultimately leads to the establishment of
a mature PMN conducive to the colonization and growth of CTCs. (C) During the micrometastatic phase, CTCs reach the PMN where some of tumor cells
proliferate but are continually eliminated by immune surveillance, while others enter a dormant state until they adapt to the PMN. (D) During the macro-
metastatic phase, PMN supports tumor cells by more angiogenesis and metabolic reprogramming, thereby promoting the growth of metastatic lesions
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Stage 2: recruitment of immune-suppressive cells and ECM
remodeling

The second stage involves the extensive infiltration of
immune-suppressive cells and ECM remodeling. Under
the influence of a large number of tumor-secreted fac-
tors, normal immune cells are reprogrammed into an
immune-suppressive or terminally exhausted state, fur-
ther exacerbating the immunosuppressive microenvi-
ronment within the PMN [11]. Continuously recruited
BMDCs secrete various cellular components that interact
with stromal cells and resident endothelial cells (ECs).
Activated stromal cells undergo significant changes under
the influence of TDSFs and BMDC s, including the accu-
mulation of new ECM components and alterations in the
physical characteristics of the current ECM [12]. These
cells collectively establish a platform enriched with che-
mokines, growth factors, matrix degrading enzymes, and
adhesion molecules [13]with setting up a local immuno-
suppressive and inflammatory microenvironment that is
suitable the arrival and colonization of CTCs.

Stage 3: invasion and colonization by CTCs

In the third stage, CTCs enter the bloodstream and
invade various organs. The degree of capillary density
and the structural characteristics of capillary walls in
each organ influence CTCs extravasation [14]. It has been
demonstrated that PMNs attract extravasated tumor
cells by increased permeability of blood vessels [15] and
VEGFR1-positive hematopoietic progenitor cells aggre-
gated within PMNs enhances the adhesion and dissemi-
nation of tumor cells [6]. Tumor cells that successfully
arrive PMNs may continue to grow but are continually
cleared by immune surveillance, while others enter a
dormant state. The reactivation of these dormant can-
cer cells is a critical factor in metastasis [4]. Cytokines in
the PMN can mediate inhibition of proliferation signal-
ing pathways, activate dormancy pathways and facilitate
immune evasion, maintaining stable dormancy until the
tumor cells adapt to the PMN and reinitiate growth [16,
17]. Finally, the CTCs colonize in the PMN and develop
into micrometastases.

Stage 4: progression from micrometastases to
macrometastases

The last stage is from micrometastatic tumor cells to
detectable macrometastases, a angiogenesis and meta-
bolic reprogramming-driven process. Continued tumor
growth necessitates the establishment of a vascular sys-
tem to supply nutrients. This process is triggered by
the recruitment and expansion of ECs, in addition to
the activation of supporting cells like pericytes [18].
Bone marrow-derived endothelial progenitor cells are
attracted to micrometastatic sites, forming blood ves-
sels that support tumor growth [19]. Studies have shown
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that enhanced nutrient availability in PMNs directly pro-
motes tumor cell growth. For instance, miR-122 secreted
by tumor cells conserves glucose consumption by reduc-
ing the metabolism of resident cells in PMNs [20], while
lung PMN:ss rich in palmitate promote metastatic tumor
growth through increased p65 acetylation [21]. Metabolic
reprogramming in PMNs further increases the metastatic
tumor volume, driving the progression from micrometas-
tases to detectable macrometastases.

Mechanisms involved in PMN formation in RCC
Since the mechanisms driving PMN formation vary
across different cancers, we here summarize the distinct
mechanisms of PMN formation in relation to the unique
characteristics of RCC metastasis (Fig. 2).

The mechanisms underlying the formation of the PMN
in renal cell carcinoma include angiogenesis and vascu-
lar permeability, immunosuppression, ECM remodeling,
metabolic reprogramming and organotropism.

Tumor-derived exosomes promoting enhanced
angiogenesis

Research has found that exosomes secreted by renal car-
cinoma cells are abundantly present in blood, urine and
other bodily fluids [22]. There are significant differences
in the exosomal expression between RCC patients and
healthy controls. Therefore, exosomal profiles could serve
as potential biomarkers for the detection of RCC [23].
Numerous studies have found that exosomes secreted
by RCC have the potential to promote angiogenesis [22].
Therefore, exosomes released from primary tumors prior
to metastasis circulate to distant organs, where they may
contribute to angiogenesis in the PMN.

Tumors, like normal organs, require the establishment
of a vascular supply to meet their demands for oxygen
and nutrients, which involves angiogenesis [24]. ccRCC
is known for its pronounced vascular phenotype [25].
High-grade ccRCC has been indicated to exhibit greater
ECs growth, vascular area and VEGF protein expression
levels compared to low-grade renal cell carcinoma [26].
Elevated levels of circulating endothelial progenitor cells
have been observed in RCC patients [27]. Studies have
found that exosomes from CD105-positive human renal
cancer stem cells are stimulate angiogenesis by promot-
ing a pro-angiogenic phenotype in ECs, thus promoting
lung PMN formation and increasing the two to three
fold metastatic burden [28]. However, this CD105-pos-
itive stem cell population might originate from tumor-
associated mutated stromal/mesenchymal cells or bone
marrow-derived stem cells [29]. In vitro experiments,
exosomes containing carbonic anhydrase IX (CA9),
released by hypoxic RCC tumor cells, can promote angio-
genesis [30]. Similarly, apolipoprotein C1 (ApoC1) pres-
ent in exosomes from ccRCC cells is delivered to ECs,
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Fig. 2 Mechanisms of the PMN formation in renal cell carcinoma

where it promotes angiogenesis through signal trans-
ducer and activator of transcription 3 (STAT3) activation
[31]. However, it has also been suggested that ApoC1 is
predominantly highly expressed by macrophages in RCC
rather than the tumor cells themselves [32]. Furthermore,
research has demonstrated that aminopeptidase N (APN)
in tumor-derived exosomes promotes enhanced angio-
genesis and vascular remodeling in the bone marrow
during ccRCC bone metastasis [33].

In addition to angiogenesis, increased vascular perme-
ability within the PMN is a critical step for the infiltration
of circulating tumor cells into metastatic sites. Research
has found that zurocidinl (AZU1) overexpressed in
ccRCC-derived EVs promote membrane permeabilizing
activity for the vascular endothelial cell layer which may
facilitate the infiltration of CTCs into distant organs. In
addition, EV-AZU1 was specifically detected in the sera
of ccRCC patients, but not in healthy controls [34].

Although the majority of the experiments are in vitro,
in summary, exosomes secreted by RCC may promote
angiogenesis and alter vascular permeability within the
PMN of distant organs, thereby facilitating the infiltra-
tion and colonization of CTCs.

Immunosuppressive microenvironment

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are key
participants in the formation of PMNs and are cru-
cial components in creating an immunosuppressive
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microenvironment within the PMN [11]. MDSCs are a
diverse group from bone marrow, including early-stage
myeloid cells, immature macrophages, granulocytes and
dendritic cells (DCs). They are mainly classified into two
subtypes: monocytic MDSCs (M-MDSCs) and poly-
morphonuclear MDSCs (PMN-MDSCs). Studies have
shown that M-MDSCs mainly impose immunosuppres-
sive effects, while PMN-MDSCs predominantly promote
angiogenesis [35].

Researches have showed that elevated levels of circulat-
ing MDSCs in RCC patients have been associated with
extent of metastasis, cancer stage and prognosis [36—40].
It has been indicated that IL-1p expression in RCC pro-
motes the accumulation of PMN-MDSCs in the periph-
ery [38]. Studies have shown that exosomes derived
from RCC, enriched in complement component 3(C3),
are taken up by pulmonary macrophages, leading to the
secretion of CCL2 and CXCL1. This process facilitates
the recruitment of PMN-MDSCs in the lung, thereby
establishing an immunosuppressive PMN in the lungs.
In vivo experiments, knockdown of C3 expression in
renal cell carcinoma-derived exosomes reduces pulmo-
nary metastatic burden in mice by two fold [41]. PMN-
MDSCs obtained from the peripheral circulation of RCC
patients are known to inhibit the expansion of T cells
and reduce IFN-y production [37, 40]. MDSCs impair T
cell immune function primarily by depleting local argi-
nine in the microenvironment [36, 42]. In MDSC, mainly
PMN-MDSCs [43]secrete arginase I into the circulation
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of RCC patients [40], depleting arginine levels and reduc-
ing T cell receptor CD3( chain expression, thereby com-
promising T cell function [44]. In vitro experiments have
also found that RCC tumor cells can produce arginase II
to deplete L-arginine, leading to decreased CD3( chain
expression [45].

In conclusion, the recruitment of MDSCs in the circu-
lation or distant organs induced by RCC contributes to
the formation of an immunosuppressive pre-metastatic
microenvironment, facilitating RCC immune evasion and
metastatic progression.

Macrophages

During the formation of the PMN, TDSFs and EVs pro-
duced by the primary tumor circulate through the blood-
stream and migrate to distant organs, where they recruit
bone marrow-derived macrophages to create an inflam-
matory microenvironment. As the secretion of soluble
factors from the primary tumor increases, the recruited
bone marrow-derived macrophages and tissue-resident
macrophages in distant organs are transformed into
tumor-associated macrophages (TAMs) [46]. TAMs pre-
dominantly exhibit an M2 polarization phenotype, which
promotes tumor progression by stimulating angiogenesis,
promoting tumor cell motility and invasion, and attenu-
ating immune response activity [47].

Studies have shown that lung macrophages, upon
absorbing exosomes secreted by renal cell carcinoma
cells enriched with complement component C3, can
remodel the pre-metastatic immune microenviron-
ment in the lungs, enhancing the polarization of TAMs
and the recruitment of PMN-MDSCs [41]. Furthermore,
numerous in vitro experiments have demonstrated that
cytokines and exosomes secreted by renal cell carcinoma
cells can promote the polarization of macrophages into
TAMs. For instance, The IncRNA AP000439.2, present in
exosomes originating from ccRCC, promotes M2 macro-
phage polarization by activating STAT3 phosphorylation
and triggering the NF-kB signaling pathway [48]. Addi-
tionally, low expression of SOX17 in ccRCC activates the
secretion of CCL5, converting macrophages into TAMs
[49]. Moreover, studies have also found that circulating
CCL5 can promote the epithelial-mesenchymal transi-
tion (EMT) of renal cell carcinoma CTCs, enhancing
their malignant phenotype and facilitating lung metas-
tasis [50]. VHL-deficient renal tubular cells represent-
ing the early stage of ccRCC initiation secrete IL6 and
Oncostatin M (OSM). OSM activates ECs to produce
IL-6, which in turn induces macrophage recruitment
and polarization [51, 52]. Although in vitro experiments
have established a correlation between RCC metastasis
and TAMs, it remains to be further investigated whether
these secreted factors exert similar effects in PMNs as
observed in vitro.
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Recent studies have found that microparticles derived
from tumors can trigger metabolic and phenotypic
alterations in infiltrating macrophages within lung tis-
sue during the initial phase of metastasis. Targeting key
altered metabolic pathways in these macrophages could
specifically inhibit their pro-tumor functions and reduce
tumor metastasis [53]. Although this experiment was not
conducted in a renal cell carcinoma model, it provides a
new direction for further exploration of macrophages in
PMNs within RCC.

Neutrophils

Neutrophils constitute the majority of leukocytes pres-
ent in human blood and are key players in the inflamma-
tory response [54]. Numerous studies have shown that
neutrophils play a crucial role in the formation of PMNs
in various cancers [55]. However, research specifically
investigating their role in PMN formation in RCC is still
limited. Here, we have summarized the potential mecha-
nisms through which neutrophils contribute to PMN for-
mation in RCC.

In peripheral blood from RCC patients, neutrophil lev-
els are significantly elevated, and there is no significant
difference in the neutrophil levels between early and late-
stage RCC blood samples [56]. This suggests that neutro-
phils are already extensively recruited into the circulation
prior to RCC metastasis, potentially playing a role in the
PMN. Research indicates that the secretion of CXC che-
mokines in metastatic ccRCC triggers systemic inflam-
matory responses, leading to a significant increase in
circulating neutrophils whose kinetic behavior is altered
by inflammatory ccRCC cells. It is reported that in cir-
culating inflammatory neutrophils the expression levels
of membrane-spanning 4-domains subfamily A (Ms4a)
family genes were upregulated [57] and that expression
of Ms4a6c and Ms4a6d mRNAs was abundant in pro-
tumor Siglec-F8" neutrophils in lung tumors [58]. This
suggests that a group of Siglec-FM&" neutrophils may
also be present in the PMN of metastatic renal carci-
noma. These inflammatory neutrophils not only induce
angiogenesis in the primary tumor but also facilitates
the establishment of PMNs in the lung, thereby promot-
ing cancer cell metastasis. Interestingly, some studies
have found that low-metastatic RCC tumor cells express
high levels of CXCL5 and IL8, recruiting neutrophils to
infiltrate the lungs and establish an immune barrier that
inhibits tumor cell growth. Conversely, high-metastatic
RCC tumor cells achieve immune escape by silencing the
expression of some neutrophil chemotactic factors [59].

Research has identified two distinct polarization states
of neutrophils: N1 (highly cytotoxic) and N2 (tumor-pro-
moting). Tumor cells can polarize neutrophils towards
a pro-tumor phenotype through the overexpression of
immunosuppressive cytokines, such as TGF-p [60]. In
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one study, the authors used a specific inhibitor of TGEF-
B2 to suppress the expression of TGF-f2 in both pri-
mary tumors and lung tissues in a renca mouse model.
The results showed that this treatment did not affect the
growth of the primary tumor but significantly reduced
lung metastasis of RCC. Although the authors primarily
focused on the immune phenotype changes of infiltrating
macrophages in the tumor, it can be inferred from these
findings that the expression level of TGF-$2 in the lungs
may influence the immune phenotype transformation of
neutrophils in the PMN of RCC [61].

Recent studies have highlighted the critical impor-
tance of neutrophil extracellular traps (NETs) in immune
responses. NETs are formed when neutrophils extrude
their decondensed chromatin along with the contents
of their granules [62]. Researchers have found that NETs
were morphologically detectable in unstimulated periph-
eral blood leukocytes of RCC patients. Furthermore, the
formation of peripheral blood NETs in RCC patients
was positively correlated with the survival rate of CTCs
[63]. However, there is currently no literature reporting
whether the expression levels of NETs in distant organs
of RCC are sufficient to form a pro-metastatic niche.

Regulatory T cells

Regulatory T cells (Tregs) are a subset of CD4"T cells
characterized by the expression of the regulatory tran-
scription factor forkhead box protein P3 (FoxP3) [64].
Additionally, CD4"T cells that constitutively express the
IL-2 receptor o chain (CD25) exert their regulatory func-
tions by suppressing the activity of other T cells [65].
In metastatic renal cell carcinoma (mRCC) patients, a
marked increase in Tregs in the blood is observed and
their elevated levels are related to poor survival outcomes
[66]. CD4*CD25FoxP3* Tregs isolated from the blood of
mRCC patients exhibit immunosuppressive properties,
and they inhibit the proliferation of effector T cells in
vitro [67]. Studies have shown that culture media derived
from renal carcinoma cells, which express high levels of
TGE-B, can induce CD4*CD25~ effector T cells to differ-
entiate into Tregs. In a renca experimental lung metasta-
sis mouse model, by inhibition of TGF-f in lung tissue,
the expression of Tregs in the lungs significantly reduced,
resulting in to a marked decrease in lung metastasis [68].
A recent study found that exosomes derived from RCC
express PD-L2, and these exosomes preferentially accu-
mulate in the kidneys, lungs, and spleen. Overexpression
of PD-L2 in exosomes led to an approximately five-fold
increase in lung metastasis and a two-fold increase in
spleen metastasis in mice. In vivo experiments, it was
shown that in the absence of adaptive immunity (in
immunodeficient mice), exosomes expressing PD-L2
suppressed tumor growth and metastasis. However, in
immunocompetent conditions, TDE-PD-L2 exosomes
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were captured by immune cells in a PD-1-dependent
manner, leading to an increase in Tregs and a suppres-
sion of T cell proportions and activity, thereby establish-
ing an immunosuppressive microenvironment at distant
metastatic organs [69]. These findings suggest that renal
carcinoma cells may promote the formation of an immu-
nosuppressive PMN by secreting high levels of TGF-f
and exosomes, which induces the conversion of circulat-
ing or distant organ effector T cells into Tregs.

Natural killer cells

Natural killer (NK) cells primarily circulate in the blood,
and higher NK cell counts are associated with improved
survival rates [70]. Currently, in renal cancer, most
studies focus on NK cells infiltrating the solid tumors,
because NK cells which are the crucial effector cells in
innate immunity, possess inherent cytotoxic activity
against both primary and metastatic tumor cells, similar
to CD8"* T cells [71]. Currently, in RCC, immunothera-
pies targeting NK cells are mainly systemic. As a result,
research on the local microenvironment of the PMN
is almost nonexistent. However, there is some evidence
suggesting that NK cells may undergo changes in the
PMN of RCC.

NK cells can also be classified into circulating NK cells
and tissue-resident NK cells. The roles of peripheral tis-
sue-resident NK cells vary across different cancers [72].
Studies have found that although the proportion of NK
cells is reduced in advanced ccRCC, a population of NK
cells enriched with tissue-resident markers and reduced
cytotoxicity is present [73]. In addition, in vitro studies
have found that exosomes from ccRCC cells evade innate
immune surveillance by modulating the TGF-B/SMAD
pathway, leading to NK cell dysfunction [74]. These stud-
ies suggest that there may be a subpopulation of NK cells
with impaired immune function in the PMN of renal can-
cer, which warrants further investigation.

Metabolic reprogramming

The seeding and development of metastatic tumor cells
in remote organs require a local environment rich in
nutrients and energy, necessitating a metabolic pattern
that supports tumor growth. Thus, metabolic reprogram-
ming is a significant feature of PMN formation. It has
been found that mutations in seven known RCC genes—
VHL, MET, FLCN, TSC1, TSC2, FH and SDH—result in
dysregulation of specific metabolic pathways. These find-
ings suggest that RCC is a type of metabolic disease [75].
Recent studies indicate that glycogen metabolism is not
necessary for in vitro growth of ccRCC cells or in vivo
xenograft tumor growth [76]. Other pathways have been
incorporated into the metabolic profile of ccRCC such
as dysregulation of tryptophan, arginine and glutamine
metabolism, as well as elevated lipid and glutathione
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biosynthesis [77]. Additionally, high levels of glutathione
and dipeptide metabolites are associated with the malig-
nancy of ccRCC [78].

As previously mentioned, MDSCs recruited by RCC
tumor cells may deplete arginine in the PMN by releas-
ing arginase, thereby creating a local immunosuppressive
environment. Strikingly, arginine levels were significantly
reduced in both the tissue and the interstitial fluid in the
lungs compared to the kidneys. Arginine deficiency in
the pulmonary biological niche induces reactivation of
argininosuccinate synthetase-1 (ASS1) in ccRCC meta-
static tumor cells through epigenetic mechanisms. This
links branched-chain amino acid (BCAA) catabolism
with the urea cycle, allowing metastatic tumor cells to
generate arginine via BCAAs and endure under distant
arginine-limited conditions [79]. Furthermore, TDSFs
can alter the metabolic reprogramming of non-tumor
cells. For instance, ccRCC tumor cells secrete parathy-
roid hormone-related peptide (PTHrP), which activates
protein kinase A (PKA) to facilitate the browning of
perirenal adipose tissue (PAT). The thermogenic effect
of PAT leads to excessive lactate release which could be
utilized by adjacent cancer cells, enhancing ccRCC inva-
sion and metastasis [80]. However, this metastasis-facili-
tating niche associated with neighboring adipogenesis is
distance-dependent, as primary RCC does not drive the
browning of distal adipose tissue.

The mechanisms of metabolic reprogramming in
PMNs within RCC are not yet fully understood, most
studies have primarily focused on the metabolic repro-
gramming of metastatic renal tumor cells themselves,
which enhances their potential for metastasis. However,
analyzing alterations in glucose metabolism, lipid metab-
olism, amino acid metabolism and other metabolic com-
ponents in the tumor microenvironment emphasizes the
essential role of metabolic reprogramming in PMN for-
mation and development.

Organotropism

Multiple studies have shown that different types of can-
cers exhibit organ-specific metastasis tendencies. How-
ever, the patterns of metastasis to particular organs are
influenced by various factors, including anatomical char-
acteristics, hemodynamic properties, the intrinsic traits
of tumor cells and the interactions with the PMN [7, 8].
In RCC, the lungs and bones are the most common sites
of metastasis.

RCC primarily metastasizes through hematogenous
spread. In ccRCC, VEGF-A-induced phenotypes pro-
mote the release of tumor cell clusters into circulation,
enhancing lung metastasis [81]. In most organs, venous
blood circulation flows from the heart to the lungs. The
lung capillary network is dense and has small diameters,
which facilitates the passive entrapment of larger CTCs.
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This phenomenon is not unique to RCC but is a com-
mon feature of metastasis to the lungs in various types
of cancer. Furthermore, tumor cells adhesion to ECs is
a key event in hematogenous metastasis. In RCC, neu-
rophilin-2 (NRP-2) expressed on tumor cells interacts
with o5 integrins on ECs, facilitating vascular adhesion
and extravasation during lung metastasis [82]. These pro-
cesses are primarily determined by the anatomical struc-
ture of the pulmonary vasculature and hemodynamic
properties. However, passive entrapment alone does not
fully explain the organotropic preference of RCC lung
metastases. The PMN plays an additional role in the
recruitment and survival of RCC tumor cells.

Research has shown that tumor exosomes with dif-
ferent organ tropisms express distinct integrins, such as
integrina6, f1 and B4 in lung-tropic exosomes [83]. In a
study, intravenously injected labeled exosomes derived
from renal tumor stem cells in mice were found to pre-
dominantly accumulate in the lungs rather than in other
organs. This study has shown that CD103" exosomes
secreted by renal tumor stem cell target tumor cells and
lung, conferring the higher metastatic capacity of ccRCC
to lung [84]. However, as a transmembrane protein,
CD103 is primarily expressed on lymphocytes, particu-
larly T cells and dendritic cells and no relevant article
has reported CD103 expression in tumor epithelial cells,
especially renal tumor cells. Therefore, it is necessary to
identify whether renal tumor cells express CD103. Fur-
thermore, the interaction between stromal cell-derived
factor-1 (SDF-1) and its receptor CXCR4 governs organ-
specific metastasis in various tumors including RCC
[85]. As RCC is a common genitourinary system disease
in men, this gender specificity is significantly related to
hormone levels. Studies have found that androgen recep-
tor (AR)-positive ccRCC are more likely to preferentially
metastasize to the lungs over lymph nodes. The mecha-
nism may be that AR possibly function by modulation of
the VEGE-A or VEGF-C in ccRCC cells to differentially
influence the hematogenous and the lymphatic endothe-
lial cells, thus finally affect different metastatic destina-
tions [86]. In conclusion, RCC lung metastasis is likely
driven by both passive entrapment due to the lung’s
architecture and the active promotion of tumor seeding
and growth by the PMN.

Similarly, the skeletal system also possesses its own
distinct anatomical structure. Capillary structures in the
bone marrow, featuring fenestrated ECs termed sinu-
soids, facilitate the transport of hematopoietic cells,
making bone marrow sinusoids more prone to capture
CTCs [87]. Compared to the lungs, RCC bone metastases
occur at a lower frequency. However, their mechanism
is more likely driven by PMN-mediated active recruit-
ment rather than anatomical factors. Osteoblasts, the
predominant cell type in bone marrow, can elevate the
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expression of adhesion molecules and CCL2 in RCC
tumor cells through cytokine secretion where forming a
facilitated homing of RCC cells to the bone marrow [88].
Additionally, the expression of CaSR was highest in spec-
imens and cells of patients with bone metastases. In vitro
experiments indicate a promoting effect of extracellular
calcium on cell migration and proliferation of RCC cells
with bone metastasis by highly expressed CaSR and its
downstream signaling pathways. High calcium gradients
in bone may form a niche promoting RCC bone metas-
tasis [89].

Extracellular matrix remodeling

Tumors and their secreted factors can profoundly influ-
ence the host’s stromal microenvironment. Components
like fibroblasts, mesenchymal stem cells (MSCs), ECs and
ECM are pivotal in tumor cell colonization and survival
at metastatic sites [7]. The ECM is primarily composed
of fibrillar proteins and glycosaminoglycans, forming
a network structure within tissues [90]. Research has
identified seven genes involved in ECM formation that
are upregulated in mRCC: DCN, SLIT2, LUM, LAMA?2,
ADAMTS12, CEACAM6 and LMO3 [91]. It is a con-
stantly changing structure present across all tissues, with
its remodeling tightly regulated through the action of
specific enzymes, such as metalloproteinases [92].

The study found that the serum concentration of
MMP-7 in local RCC patients was significantly elevated
compared to healthy donors, but there was no differ-
ence when compared to metastatic RCC patients. These
results suggest that the elevated levels of MMP-7 in the
circulation associated with RCC may contribute to the
remodeling of the pre-metastatic extracellular matrix
[93]. Another in vivo experiment showed that, with the
progression of RCC lung metastasis, the mRNA expres-
sion of MMP-9 in the lungs of mice gradually increased
[94]. The primary source of MMP-9 may be the inflam-
matory cells of bone marrow origin that are recruited,
which secrete MMP-9 to aid in the degradation and
remodeling of the ECM [95]. In vitro experiments have
shown that fibronectin promotes the colonization of
mRCC tumor cells [96]. Upregulation of fibronectin in
the lungs has been confirmed in other cancer models to
facilitate the formation of the PMN and promote lung
metastasis [6, 97]. Therefore, if RCC tumor cells secrete
certain factors that induce the upregulation of fibronec-
tin in the lungs, it may contribute to the establishment of
the PMN in the lung.

Studies have found that the region at the boundary
between metastatic tumor tissue and non-tumor tissue
in RCC contains abundant extracellular matrix compo-
nents, particularly periostin. Further validation showed
that this periostin, which promotes tumor cells adhesion,
is secreted by fibroblasts induced by tumor cells [98].
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In another study, it was reported that infiltrating breast
tumour cells need to induce stromal periostin expression
in the secondary target organ (in this case lung) to initi-
ate colonization [99]. However, this study also found that
the lungs of tumor-bearing but non-metastatic mice with
breast cancer did not express periostin. This suggests that
the expression of periostin in lung tissue is not induced
by substances secreted by the primary tumor, but rather
by the disseminated tumor cells entering the lungs,
which induce ECM remodeling to facilitate colonization.
Strictly speaking, this cannot be considered as part of the
pre-metastatic niche concept. However, whether RCC
induces periostin expression at the metastatic site prior
to metastasis remains to be further validated.

The leading role of tumor-associated fibroblasts (CAF)
in tumorigenic process has received extensive attention.
In vitro experiments have shown that CXCL5 derived
from ccRCC promotes the conversion of normal fibro-
blasts (NF) into CAFs, which can secrete VEGF to induce
angiogenesis [100]. Moreover, studies have demonstrated
that circEHD2 was upregulated in serum EVs of RCC
patients with metastasis. CircEHD2 in EVs can convert
lung fibroblasts into CAFs, which secrete pro-inflam-
matory cytokines like IL-6 to facilitate RCC tumor cell
metastasis [101].

Identification of PMN for early diagnosis

The formation of PMNs is a critical step preceding
metastasis and holds significant implications for devising
approaches for early prevention and detection of metas-
tasis. Currently, imaging techniques for detecting distant
metastases in RCC are not yet fully mature. While com-
puted tomography (CT) and positron emission tomogra-
phy (PET) can precisely identify large metastatic lesions,
they are insufficient for detecting early micro-metastases
that arise at the initial stages of metastasis [102, 103].
MiRNAs isolated from tumor-derived exosomes exhibit
enhanced stability, thereby making them more reliable
biomarkers. Furthermore, IncRNAs and circRNAs rep-
resent intriguing potential biomarkers [104]. Emerging
technologies, such as liquid biopsy [105] and nanopar-
ticle tracking [106], offer promising methods for obtain-
ing early diagnostic information on cancer metastasis by
analyzing tumor cells EVs and various biochemical and
cellular biomarkers produced during the formation of
PMN:E.

For example, research has demonstrated that SI00A8/
A9 serves as a reliable new imaging biomarker that
enables visualization of PMNs in a breast cancer mouse
model using an S100A8/A9-specific single-photon emis-
sion computed tomography (SPECT) probe [107]. Addi-
tionally, a novel targeted nanoprobe has been designed by
surface-modifying luminescent nanoparticles (LAD NPs)
with neutrophil-targeting peptides. Given the correlation
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between neutrophils and PMNs, this targeting strategy
using luminescent nanoparticles holds promise as an
early diagnostic approach for cancer metastasis [108].
However, due to the differing mechanisms of the PMN
formation across various cancers, identifying a consistent
biomarker indicative of PMN remains challenging. Cur-
rently, the most promising strategy is the identification of
early metastatic biomarkers specific to particular cancer

types.

Therapeutic approaches for PMN

Currently, the initial systemic therapy for mRCC
involves the coupling of PD-1 inhibitors and VEGFR-
targeted therapies or CTLA-4 inhibitors, which dramati-
cally improve overall survival among individuals with
advanced RCC. For patients who have contraindications
to immune checkpoint inhibitor (ICI) combination ther-
apy or cannot access ICI treatment, single-agent VEGF
tyrosine kinase inhibitors remain the standard treatment
[109]. However, treating advanced tumor metastasis
remains a significant challenge. Given the important role
of PMNs in the early stages of metastasis, targeting the
molecules and pathways associated with PMN formation
suggests a potential avenue for treating tumor metastasis.
We summarize potential therapeutic strategies targeting
PMN, focusing primarily on angiogenesis/vascular per-
meability, ECM remodeling, metabolic reprogramming,
tumor exosomes and immune suppression (Fig. 3).

The therapeutic strategies for the PMN can be divided
into five directions: targeting PMN angiogenesis and vas-
cular permeability, targeting PMN ECM remodeling, tar-
geting PMN metabolic reprogramming, targeting tumor
exosomes and targeting PMN immunosuppression.

Targeting PMN angiogenesis and vascular permeability

VEGFA is expressed at the highest levels in clear cell
renal carcinoma among all epithelial cancers [110]. Tar-
geting VEGF and its receptors through anti-angiogenic
therapies has been established as one of the most effec-
tive treatments for metastatic ccRCC [111, 112]. Studies
have found that circSPIRE1 present in RCC exosomes
can inhibit angiogenesis and vascular permeability.
Nanomedicines composed of circSPIRE1 plasmids show
promise in targeting vasculature in PMN to suppress
metastatic formation [113]. Moreover, ccRCC with low
expression of MCPIP1 can increase vascular permeabil-
ity by modulating the phosphorylation of VE-cadherin
[114]. Therefore, blocking the phosphorylation of VE-
cadherin to inhibit vascular permeability in the PMN
holds potential therapeutic value. For instance, VE-
cadherin is a direct target of the tyrosine kinase inhibi-
tor sunitinib in mRCC [115]. Additionally, research has
shown that phenotypic transformation occurs in peri-
vascular cells within metastatic regions, characterized
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by the lack of vascular smooth muscle cells (vSMCs) and
pericytes markers and activation of Kriippel-like (KLF4),
which enhances ECM synthesis. These perivascular cells
establish a pre-metastatic fibronectin-rich environment.
Targeting the expression of KLF4 in perivascular cells
has been shown to reduce PMN formation and the colo-
nization of early metastatic tumor cells [116]. To further
enhance the specificity of targeting aberrant vasculature
in PMN, a novel compound combining vascular-target-
ing peptides (VTPs) from primary tumor vasculature
with the cytokine TNF superfamily 14 (LIGHT) has been
developed (LIGHT-VTP). LIGHT-VTP not only normal-
izes the tumor vasculature and prevents the infiltration
of cancer cells but also effectively targets abnormal blood
vessels in the PMN, alleviating vascular hyperpermeabil-
ity and ECM accumulation, thus inhibiting tumor metas-
tasis [117].

Targeting PMN extracellular matrix remodeling
Recent research indicates that fibronectin accumulation
aids in the establishment of a tumor-permissive PMN
[6]. Based on fibronectin, a targeted ECM deprivation
system using self-assembling peptides was developed to
construct nanofibers within the ECM of RCC. This sys-
tem specifically targets fibronectin, ensuring prolonged
retention in the ECM while inhibiting fibronectin -medi-
ated pro-tumor signaling pathways, effectively suppress-
ing tumor metastasis and growth [118]. In response to
the high expression of MMPs in the PMN, a newly devel-
oped MMP inhibitor, ONO-4817, has been demonstrated
to effectively suppress lung metastasis of tumor cells in
a RCC mouse model [119]. Additionally, an active com-
pound extracted from the seeds of nigella sativa, thymo-
quinone (TQ), can downregulate the activity and levels of
expression of MMP-2 and urokinase-type plasminogen
activator (u-PA), thereby reducing adhesion of 786-O
renal tumor cells to type I and IV collagen and inhibiting
lung metastasis [120]. .

Studies on resident cells within the PMN have revealed
a subset of fibroblasts that express cyclooxygenase-2
(COX-2). Knocking out the Ptgs2 gene, which encodes
COX-2, effectively reverses the immunosuppressive
characteristics of pulmonary-resident myeloid cells
in the PMN [121]. Furthermore, an enzyme-activated
assembling peptide, FR17, has been reported to inhibit
fibroblast activation, suppress ECM remodeling in the
PMN, and reverse vascular instability and angiogene-
sis. It has also been found to inhibit the mobilization of
bone marrow cells to the PMN [122]. Researchers have
also designed a liposomal nanovesicle targeted to the
lungs, which carries miR-29a-3p to mimic the exosomes
secreted by tumors. This liposomal nanovesicle deliv-
ery system dramatically downregulates the secretion of
type I collagen by pulmonary fibroblasts in vivo, thereby
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Fig. 3 Therapeutic strategies for the PMN

inhibiting the development of a microenvironment con-
ducive to metastasis [123].Given the pro-tumor functions
of CAFs within the PMN, they present promising targets
for therapeutic interventions aimed at preventing tumor
metastasis. However, the absence of specific markers
on their cell surface complicates targeting [124]. Recent
findings indicate that targeting circEHD2 in extracellular
vesicles with antisense oligonucleotides can significantly
inhibit the transformation of fibroblasts into CAFs,
thereby suppressing the progression of metastatic renal
cell carcinoma [101].
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Another research team took a novel approach by
developing a hyaluronic acid-based gel system loaded
with CXCL12. This gel system (CLG) effectively drives
the directional migration of CXCR4" CTCs toward the
CLGs, simulating a PMN. Moreover, CLGs are infiltrated
by a large proportion of immune cells, and tumor cells
recruited to the CLGs are shown to undergo death within
two weeks, reducing the number of CTCs at the initia-
tion stage of metastasis and consequently diminishing
CXCR4" tumor cell lung metastasis [125].



Zhou et al. Molecular Cancer (2025) 24:121

Targeting PMN metabolic reprogramming

Alterations in lipid metabolism are a significant meta-
bolic phenotype of RCC [126]. Recent studies have
reported that increased availability of palmitic acid
within the PMN can promote the colonization of meta-
static tumors in breast and gastric cancers [21, 127]. This
finding offers new insights into targeting lipid metabolic
reprogramming during PMN formation in metastatic
RCC.

Further research has discovered that a polyethylene
glycol (PEG) form of arginine deiminase (ADI) can effec-
tively deplete arginine by catalyzing its deamination to
citrulline [128]. Cells expressing normal levels of ASS1
like normal renal parenchymal cells can convert citrul-
line back to arginine. In contrast, cells lacking ASS1,
such as ccRCC cells, are unable to synthesize arginine
from citrulline. Therefore, ADI exerts anti-tumor activ-
ity by limiting the availability of arginine in the PMN
for tumor cells, without adversely affecting surrounding
normal cells [129]. Although using ADI to deplete argi-
nine appears to be a potential treatment for ccRCC, the
efficacy of this therapy may be limited by the capacity of
certain tumors to re-express ASS1 [79]. Moreover, recent
research has developed a mitochondrial pyruvate carrier
(MPC) inhibitor, DOH-NI, which specifically disrupts
cellular pyruvate metabolism. By depleting energy sup-
ply and paralyzing tumor cell invasion, this inhibitor also
impedes the remodeling of ECM in the lungs, thereby
prohibiting the formation of the PMN [130].

Due to the current lack of research on metabolic repro-
gramming in PMNs, there are no specific therapeutic tar-
gets or strategies. However, if future studies can combine
the targeting of metabolic reprogramming in renal tumor
cells with that in PMN:s, it could potentially provide a
new breakthrough in the treatment of tumor metastasis.

Targeting tumor exosomes

As essential intermediaries in communication between
tumors and the microenvironment of target organs,
tumor-secreted exosomes play an irreplaceable role in the
development of the PMN. Disrupting the communication
between tumor exosomes and the PMN may help prevent
early tumor metastasis [22, 104]. Studies have shown that
exosomal integrins are related to organ-specific metasta-
sis, with integrins a6p4 and a6p1 linked to lung metas-
tasis and integrin avp5 connected with liver metastasis.
Targeting exosomal integrins can reduce the uptake of
exosomes by metastatic organs and consequently dimin-
ish metastasis [83]. Additionally, research has found
that cholesterol 25-hydroxylase (CH25H) produces
25-hydroxycholesterol, which can inhibit the uptake of
tumor exosomes. The antihypertensive drug reserpine
has been shown to restore the loss of CH25H, leading
to decreased tumor exosome uptake and impaired PMN
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formation [131]. Furthermore, a novel nanoparticle drug
designed to target tumor exosomes has been developed.
These nanoparticles co-load a chemotherapeutic agent
and a macrophage migration inhibitory factor (MIF)
inhibitor, which interact specifically with tumor cells and
exosomes, thereby inhibiting MIF within exosomes and
suppressing their role in PMN formation [132].

Tumor-derived exosomes express tumor antigens, mak-
ing them potential candidates for tumor vaccines. One
study constructed tumor exosomes anchored with IL-12
in renal cancer cells. These exosomes not only carried the
tumor-associated antigen G250 but also produced IL-12,
which could promote antigen-specific cytotoxic T lym-
phocytes in vitro [133, 134]. This approach, leveraging
the enhanced immunogenicity and anti-tumor response
of exosomes, represents a new strategy for developing
exosome-based vaccines against renal cell carcinoma
[135]. Another study found that renca mice vaccinated
with DCs loaded with tumor exosomes had longer sur-
vival times compared to those vaccinated with DCs
loaded with tumor cell lysates [136].

Targeting PMN immune suppression

Myeloid-derived suppressor cells

Therapeutic strategies aimed at targeting MDSCs in the
PMN can be categorized into two main approaches. The
first strategy focuses on reducing the recruitment of
MDSCs to the PMN and inhibiting their immunosup-
pressive activity. In RCC, PMN-enriched MDSC which
depletes arginine impair T cell function by generating
high levels of arginase I. Research has demonstrated that
the use of arginase inhibitors such as N-hydroxy-nor-
L-Arg [44] or COX-2 inhibitors can decrease the argi-
nase I expression in MDSCs and subsequently induce
lymphocyte-mediated anti-tumor responses [137]. Thus,
inhibiting arginase expression in MDSC is a promising
adjuvant therapy. Additionally, in a renca mouse model,
the selective class I histone deacetylase (HDAC) inhibi-
tor entinostat enhanced the efficacy of PD-1-targeted
therapies by suppressing MDSCs function [138]. A novel
sponge-like neutrophil membrane-coated nano-system
(NM/PPcDG/D) was developed, which demonstrated
significant natural affinity for post-surgical inflammatory
sites while effectively inhibiting MDSCs recruitment and
function, thus suppressing PMN formation and reducing
lung metastasis [139].

The second strategy involves the complete depletion
of MDSCs. One study employed phage display peptide
libraries to create a peptide-Fc fusion protein by fus-
ing sequences coding for the H6 and G3 peptides with
sequences encoding the mouse IgG2b Fc region. This
peptide-Fc fusion protein, when administered intra-
venously, led to the complete depletion of MDSCs in
peripheral blood, spleen and tumors, without suppressing
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pro-inflammatory immune cell types such as DCs [140].
Furthermore, research has indicated that effective con-
centrations of all-trans retinoic acid (ATRA) can elimi-
nate MDSCs and enhance the specific responses of DCs
and T cells. Notably, ATRA treatment is associated with
minimal toxicity, indicating its potential for combination
therapy with cancer vaccines [141]. Additionally, clinical
data suggest that the number and activity of MDSCs are
significantly reduced in mRCC patients following treat-
ment with the tyrosine kinase inhibitor sunitinib [37].

Neutrophils

Despite their cytotoxic capabilities, neutrophils are
often induced by tumor to promote immune suppres-
sion, tumor growth, and metastasis. The neutrophil-
to-lymphocyte ratio (NLR) in the circulation of mRCC
patients has been established as an individual forecast for
recurrence, correlating with poor prognosis [142, 143].
One promising therapeutic strategy focuses on shifting
neutrophils from a pro-tumor to an anti-tumor pheno-
type. Recent studies have emphasized neutrophil activa-
tion therapies that utilize a combination of TNF, CD40
agonists and tumor-targeting antibodies to recruit sig-
nificant numbers of neutrophils. This strategy not only
activates the ADCC of neutrophils against tumor cells
but also increases complement C5a levels, resulting in the
secretion of leukotriene B4 and reactive oxygen species.
This induces oxidative damage and T cell-independent
destruction of several types of cancer. In vitro studies
demonstrate that this combination can activate human
neutrophils to lyse human tumor cells, underscoring its
potential to eliminate PMN-mediated immune suppres-
sion and target disseminated tumor cells [144]. Addi-
tionally, research has shown that the natural compound
rhodiola rosea effectively prevents nicotine-induced
polarization of neutrophils from the N1 to N2 phenotype,
inhibiting the formation of the PMN with a tumor-pro-
moting N2 phenotype while enhancing the anti-tumor
activity of neutrophils [145]. In ccRCC, tumor cells trig-
ger systemic inflammation through the secretion of che-
mokines, which further promote metastatic cascades.
Inhibiting transcription driven by super-enhancers (SE)
using bromodomain and extra-terminal motif inhibitors
(BETi) has been found to suppress neutrophil-dependent
lung metastasis induced by cancer cell-intrinsic inflam-
mation during ccRCC progression [57].

The migration of inflammatory neutrophils is primar-
ily mediated by adhesion molecules on their membrane
[146]. Studies have shown that during early metastasis,
inflammatory neutrophils can bind to CTCs directly via
the adhesion molecules Mac-1/ICAM-1 and then pro-
mote distal metastasis of the tumor [147]. This char-
acteristic of neutrophils, which allows them to target
CTCs and migrate toward the PMN, can be leveraged
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in the design of targeted therapies. However, the short
half-life of neutrophils limits their effectiveness for pro-
longed therapeutic interventions. Consequently, recent
research has focused on developing neutrophil mem-
branes as nanoscale drug delivery systems to enhance
anti-tumor effects. Activated neutrophil membrane-
coated nanoparticles (aNEM NPs) have been developed,
which retain functional proteins from activated neutro-
phils. These aNEM NPs can prevent neutrophil mobili-
zation to both primary tumors and the PMN, as well as
prevent neutrophils from adhering to tumor vascular ECs
and CTCs. Experimental results from both in vitro and
in vivo settings reveal that aNEM NPs can interfere with
the formation of CTC-neutrophil clusters [148]. Another
innovative approach involved designing a mixed sys-
tem of neutrophil-iron oxide nanoparticles, which con-
verted live neutrophils (NE) into dead neutrophils (-NE)
through rapid freezing. This method preserves the struc-
tural integrity of neutrophils while preventing the release
of NETs. By attaching iron oxide nanoparticles (Mag) to
cNE, researchers created (NEM?8, which targets PMN
and depletes tumor-derived secretory factors. Nota-
bly, -NEM? also can reverse macrophages from the M2
phenotype to M1, highlighting its significant therapeutic
potential against tumor metastasis [149].

NETs both shield CTCs from damage and support
the formation of PMNs, making the targeting of NETs
released by neutrophils an effective strategy for inhibit-
ing cancer metastasis [150]. Studies have shown that the
transmembrane protein CCDC25 is highly expressed
in human ccRCC tissues and cell lines [151]. CCDC25
serves as a receptor for NET-DNA on cancer cells,
enabling the sensing of extracellular DNA. Furthermore,
NETs-mediated metastasis is abolished in CCDC25
knockout cells [152]. A recent study developed liposomes
that stably express CCDC25 via cell membrane nanoves-
icles, encapsulating DNasel internally to overcome its
short half-life and specifically eliminate NETs [153].
Targeting CCDC25 might offer a promising strategy for
the prevention of tumor metastasis. Additionally, pepti-
dylarginine deiminase 4 (PAD4), an enzyme critical for
NETs formation, has been targeted with PAD4 inhibitors
to block NETs generation, thus inhibiting PMN-induced
tumor metastasis [154]. Moreover, the compound
AZD7986, which targets tumor-secreted cathepsin C,
effectively inhibits the neutrophil infiltrating into the
PMN and forming NETSs [154].

Macrophages

M2 polarization of macrophages is a primary mecha-
nism underlying macrophage-mediated immunosuppres-
sion. Current therapeutic strategies focus on inhibiting
M2 polarization of macrophages within the PMN and
enhancing their tumoricidal functions. Research has
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shown that long non-coding RNAs (IncRNAs), such as
IncARSR and AP000439.2, derived from renal cancer cell
exosomes, can promote M2 polarization of macrophages
via the STAT3 signaling pathway. This indicates that
IncRNAs secreted by renal cancer cells and the STAT3
pathway may represent potential therapeutic targets for
inhibiting M2 polarization in the PMN [48, 155].

A newly developed macrophage activator, CGP 31,362,
delivered via liposomes to the lungs of mice following
nephrectomy, has been shown to significantly enhance
the tumoricidal functions of lung macrophages, thereby
reducing pulmonary tumor metastasis. Early applica-
tion of such activators in renal cancer may help eliminate
PMN formation, potentially preventing tumor recurrence
after nephrectomy [156]. Additionally, an innovative
antisense oligonucleotide targeting TGF-p2, ISTH0047,
has been developed to reinstate the expression of the
tumor suppressor factor CD86 in lung macrophages of
renca mice [61].

In line with the use of neutrophil membrane nanocarri-
ers, a nanosponging system coated with M2 macrophage
membranes has been designed. This system leverages
cytokine receptors on the membrane to neutralize cyto-
kines that promote M2 polarization, effectively inhibit-
ing this process. The surface of these nanosponges can
also be conjugated with DSPE-PEG-M2pep to specifi-
cally target M2 tumor-associated macrophages, while
encapsulating the toll-like receptor (TLR) 7/8 agonist
R848 within the nanosponges to reverse M1 polariza-
tion of macrophages. This strategy has demonstrated
effectiveness in inhibiting the progression of RCC in vivo
[157]. The nanosponges show promise for clinical appli-
cations aimed at reversing macrophage-induced immu-
nosuppression in RCC-associated PMN. Furthermore,
studies have indicated that intraperitoneal injection of
B-glucan particles (WGP) can retrain the immune phe-
notype of lung macrophages within the PMN. These
trained macrophages exhibit enhanced phagocytic activ-
ity and cytotoxicity, as well as increased responsiveness
to tumor-derived factors, effectively inhibiting tumor
metastasis [158].

Regulatory T cells

IL-2 pioneered immunotherapy in oncology as the first
treatment to gain approval [159]. The high-affinity bind-
ing of IL-2 is mediated by CD25 which expressed on most
Tregs. Therefore, recombinant IL-12 specifically designed
to target IL-2 for Tregs not only modulates Tregs func-
tion but also enhances immune responses [160, 161].
Preclinical studies have shown that entinostat can down-
regulate Foxp3 expression and function in Tregs, dem-
onstrating synergistic anti-tumor effects when combined
with high-dose IL-2 in RCC models [162]. Although
high-dose IL-2 has been approved for use in melanoma
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and RCC, its efficacy is limited by a short half-life and
significant toxicity. Thus, there is a pressing need for new,
improved IL-2-based therapies that offer extended half-
lives and targeted delivery mechanisms [163].

To date, no modified IL-2 compounds have been
approved by regulatory authorities for the therapies for
cancer and autoimmune diseases. NKTR-214 is the only
such medicine to have completed Phase III trials. How-
ever, when combined with sunitinib or cabozantinib for
advanced RCC, it failed to achieve its primary efficacy
endpoint, as compared to the use of these therapies alone
[164]. Other modified IL-2 agents like the AB(389)IL-2,
a diphtheria toxin and IL-2 recombinant conjugate, have
demonstrated significant reductions in Treg levels in
mRCC patients, effectively eliminating Treg-mediated
immunosuppression in vivo. Additionally, combin-
ing DAB(389)IL-2 with DC vaccines has shown marked
improvement in tumor-specific T cell activation among
RCC patients [164]. Moreover, long-acting IL-2 immuno-
therapeutic agents, such as MDNA1, have been designed
to address the shortcomings of short half-lives. MDNA1
has exhibited good tolerability in patients with meta-
static RCC while eliciting sustained and effective immune
responses [165]. Given IL-2’s specific targeting of Tregs,
there is potential to develop targeted therapies that com-
bine IL-2 with drug delivery systems directed at PMN.
This strategy could not only mitigate the systemic side
effects of IL-2 but also help reverse immune suppression
within the PMN.

Dendritic cells
DCs are pivotal in triggering immune responses through
antigen presentation to T cells. This property can be lev-
eraged to induce specific tumor antigen responses in vivo
via DC vaccination, which has been validated for safety
in clinical settings [166]. Currently, four main strategies
are employed to create DC-based cancer vaccines: cul-
turing DCs with autologous tumor tissue obtained from
patients, exposing DCs to synthetic peptides or recom-
binant tumor antigens, transfecting DCs with plasmids
encoding tumor-specific antigens, and merging DCs with
whole tumor cells through polyethylene glycol-mediated
fusion [167]. In mRCC, several clinical trials utilizing
DC vaccines have been initiated. The newly developed
CMN-001 integrates three signals about antigen presen-
tation, co-stimulatory molecules, and IL-12 secretion
into DCs, effectively inducing adaptive T cell responses
in vivo [168]. Furthermore, other DC vaccines in com-
bination with sunitinib have shown the capacity to pro-
voke tumor-specific T cell responses in mRCC patients,
thereby overcoming the immunosuppressive effects com-
monly observed in RCC [169-172].

Research has demonstrated that CD140a" lung fibro-
blasts can inhibit the antigen-presenting function of
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DCs within the PMN through a COX-2-dependent
mechanism. This process facilitates the creation of an
immunosuppressive microenvironment. Inhibiting the
COX-2-PGE2-EP2/EP4 signaling axis improves the effi-
cacy of DC vaccines in targeting metastases [121]. This
finding highlights new therapeutic strategies for targeting
immunosuppression within PMNSs.

Additionally, a unique subset of DCs known as slan-
DCs has been identified. These slanDCs significantly
gather in the draining lymph nodes of metastatic tumors
in breast and kidney cancers, while they are absent in
primary tumor sites. This observation suggests a strong
correlation between slanDCs and the early colonization
of metastatic tumors, potentially indicating the forma-
tion of PMN. Additionally, slanDCs are capable of secret-
ing high levels of IL-12 and TNF-a, which can facilitate
the proliferation and activate T cells and NK cells [173—
175]. These DCs may be conducive to reverse PMN
immunosuppression.

T cells

Lymphocytes, which include T cells, B cells and NK cells,
are the primary immune effector cells responsible for
recognizing and clearing tumor cells. The immunosup-
pression observed in the PMN significantly hampers the
anti-tumor effects of these lymphocytes. Restoring and
enhancing the anti-tumor capabilities of lymphocytes
may potentially eradicate early tumor metastasis. Cur-
rently, one of the most effective immunotherapies for
metastatic tumor involves immune checkpoint inhibi-
tors, such as anti-CTLA-4 and anti-PD-1 antibodies,
which help sustain the anti-tumor activity of T cells.
Nevertheless, the emergence of treatment resistance
presents a major obstacle to their effectiveness [176].A
recent review has summarized various adoptive cell ther-
apies aimed at enhancing lymphocyte anti-tumor efficacy
in RCC. These treatments encompass T cell receptor
(TCR)-engineered T cells, chimeric antigen receptor
(CAR) T cells, CAR NK cells and lymphokine-activated
killer (LAK) cells [167].

Gene-engineered myeloid cells (GEMys) offer a poten-
tial strategy for specifically delivering anti-tumor agents
to the PMN. Notably, IL-12 has been demonstrated to
enhance the cytotoxic activity of NK cells, increase the
generation of cytotoxic T cells and induce the secretion
of IFN-y [177]. By engineering GEMys to express IL-12,
these cells can be specifically recruited to the PMN,
enabling targeted delivery of IL-12 to the PMN. This
strategy aims to reshape the immunosuppressive micro-
environment of the PMN and activate antigen presenta-
tion and T cell activity, thereby reducing metastasis and
improving survival rates in tumor-bearing mice [178].
Furthermore, research has demonstrated that a B7-Fc
fusion protein can induce a significant increase in T cells
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within the tumor-draining lymph nodes of renca mice.
When used in conjunction with Tregs depletion, this
strategy has been shown to enhance the therapeutic effi-
cacy against tumors [179].

Conclusion and future perspectives

In this review, we present an in-depth exploration of the
characteristics of the PMN and the potential mechanisms
involved in RCC, focusing primarily on angiogenesis and
vascular permeability, immune suppression, metabolic
reprogramming, extracellular matrix remodeling and
organotropism. Additionally, we discuss potential thera-
peutic strategies targeting the mechanisms of PMN for-
mation, particularly those related to the remodeling of
immune cells and matrix components within the PMN,
as well as molecules secreted by tumor cells.

Although studies on PMN in RCC are less extensive
than in other cancers, the current advances in technolo-
gies and methods have laid a solid foundation for further
investigation of PMN in RCC. For example, liquid biopsy
technologies (such as exosome analysis and CTC detec-
tion) provide novel approaches for the dynamic monitor-
ing of PMN, potentially enabling early diagnosis of RCC
metastasis. Moreover, the rapid development of nano-
medicine and biocompatible materials has made targeted
therapies more effective and specific, offering opportuni-
ties for the development of new strategies against PMN.
Single-cell multi-omics analysis will be instrumental in
revealing the complexity of PMN in RCC and studying
the dynamic changes of PMN in RCC metastasis. The use
of 3D cell culture systems (such as 3D tumor organoids)
and multi-scale models (such as microfluidic chip tech-
nology) allows for the study of PMN formation in envi-
ronments closer to physiological conditions, enabling the
simulation of cellular and molecular interactions within
PMN. Furthermore, the differences in the PMN microen-
vironments across various organs and individuals pres-
ent opportunities for personalized precision medicine
in the context of RCC metastasis. With the advance-
ment of big data technologies and artificial intelligence
(AI), Al-driven analysis of large-scale metastasis-related
data (such as imaging, genomic and clinical data) holds
promise for developing predictive models for early meta-
static events and personalized treatment strategies. This
represents an innovative direction for future metastasis
research [180].

Current research on the mechanism of PMN forma-
tion in RCC has primarily been conducted using experi-
mental animal models and in vitro cell systems, with no
corresponding clinical trials to date. This discrepancy
creates significant challenges for clinical translation, par-
ticularly in two key aspects. First, there remains a criti-
cal knowledge gap in establishing quantitative clinical
parameters. Specifically, the threshold concentrations
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of tumor-derived exosomes and signaling molecules
required for PMN initiation in distant organs need to
be determined in human serum. Current experimental
models cannot precisely define these critical concen-
trations for clinical application. Second, the absence of
tumor-specific biomarkers presents diagnostic limita-
tions. Currently available markers cannot reliably dis-
tinguish whether circulating molecules and exosomes
originate from malignant renal cells or other tissue com-
ponents. This ambiguity hinders clinical detection of
tumor-derived factors in pre-metastatic organs of renal
cancer patients and prevents accurate assessment of their
contribution to subsequent metastatic cascades.

While research on PMN has formed a relatively com-
prehensive framework, several issues remain to be
addressed: (1) What are the dynamic patterns of PMN
at different time points (before metastasis, pre-surgery,
post-surgery and during relapse)? (2) Is there a relation-
ship between PMN formation and tumor resistance? (3)
After the primary tumor is removed, do CTCs persist
and promote PMN formation? (4) Do different genetic
subtypes of cancer form PMN? (5) Are the monitoring
and targeted therapeutic strategies for PMN in mouse
models equally effective in humans? (6) How does the
microbiome influence PMN formation? These questions
require further in-depth investigation for better under-
standing and validation. In conclusion, we have reviewed
the recent advancements in the study of PMN in RCC,
with the aim that our insights may offer new strategies
and directions for the clinical diagnosis and treatment of
RCC metastasis.
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