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Vessel co-option: a unique
vascular-immune niche in
liver cancer
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and Xiangming Ding*

Department of Gastroenterology, People’s Hospital of Zhengzhou University, Henan Provincial
People’s Hospital, Zhengzhou, Henan, China
Tumor vasculature is pivotal in regulating tumor perfusion, immune cell

infiltration, metastasis, and invasion. The vascular status of the tumor is

intricately linked to its immune landscape and response to immunotherapy.

Vessel co-option means that tumor tissue adeptly exploits pre-existing blood

vessels in the para-carcinoma region to foster its growth rather than inducing

angiogenesis. It emerges as a significant mechanism contributing to anti-

angiogenic therapy resistance. Different from angiogenic tumors, vessel co-

option presents a distinctive vascular-immune niche characterized by varying

states and distribution of immune cells, including T-cells, tumor-associated

macrophages, neutrophils, and hepatic stellate cells. This unique composition

contributes to an immunosuppressive tumor microenvironment that is crucial in

modulating the response to cancer immunotherapy. In this review, we

systematically reviewed the evidence and molecular mechanisms of vessel co-

option in liver cancer, while also exploring its implications for anti-angiogenic

drug resistance and the immune microenvironment, to provide new ideas

and clues for screening patients with liver cancer who are effective

in immunotherapy.
KEYWORDS
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1 Introduction

Previous studies have concluded that solid tumors must form neovascularization to

ensure their nutritional and metabolic requirements (1). Based on this theory, anti-

angiogenic therapy (AAT) has rapidly emerged as a research focal point in tumor

treatment. AAT mainly inhibits the binding of vascular endothelial growth factor

(VEGF) to vascular endothelial growth factor receptor (VEGFR). On the one hand, it

inhibits tumor neovascularization and promotes the normalization of vascular

morphology, size, and permeability to reduce intertissued hydraulic pressure and
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increase oxygen (2). Vascular normalization can directly cause T-

cells to flow into solid tumors and indirectly change

immunosuppression by reducing, for example, alternately

activated macrophages, myeloid suppressor cells, and/or

regulatory T cells, thereby improving the prognosis (3). Although

liver cancer is a highly vascularized tumor, clinical and preclinical

data show that AAT does not significantly improve the overall

survival (OS) of patients (4, 5). This suggests that the vascular

system of liver cancer is much more complex than expected.

In the 1990s, Pezzella et al. first observed the phenomenon of

vessel co-option (VC) in lung cancer. They showed that some lung

cancers could use pre-existing vessels to promote their own growth,

rather than induce new angiogenesis (6, 7). Since then, researchers

have successively found this phenomenon in various primary and

metastatic tumors, such as liver cancer, glioblastoma, kidney cancer,

and pancreatic cancer (8–10). This phenomenon challenges the

hypothesis that tumor growth must require new blood vessel

formation. Distinguishing from angiogenic tumors, VC promotes

tumor growth by “hijacking” the blood vessels already present in the

paracancerous tissue (11). Further studies have shown that VC

enhanced tumor cell motility and surrounding tissue infiltration,

leading to poorer prognosis in some advanced-stage cancer patients

(8). In addition, VC is independent of endothelial cell proliferation,

and kinds of literature have shown that VC is related to AAT

resistance in liver cancer (12, 13).

The tumor immune microenvironment is highly heterogeneous

and can be regulated by tumor vascularization mode. Different from

angiogenic tumors, VC shows a unique vascular-immune niche.

The different states, functions, and distribution of many kinds of

immune cells, such as T-cells, tumor-associated macrophages

(TAMs), hepatic stellate cells (HSCs), and neutrophils constitute

the inhibition state of the VC immune microenvironment, which

affects the efficacy of immunotherapy for liver cancer.

In this review, we conducted a comprehensive analysis of the

available evidence, clinical prognosis, and underlying molecular

mechanisms associated with VC in liver cancer. Additionally, we

investigated its implications in terms of resistance to anti-angiogenic

drugs and its impact on the immune microenvironment status.

Furthermore, we engaged in a comprehensive exploration of

therapeutic approaches for VC, aiming to identify appropriate

treatment regimens and offer novel therapeutic insights for

individuals afflicted with liver cancer.
2 Vessel co-option in liver cancer and
clinical prognosis

2.1 Primary liver cancer

Early small HCC (diameter less than 2 cm) exhibits two distinct

vascularization patterns. In the early stage of nodular HCC,

angiogenesis is often induced to meet its own occurrence and

development. However, diffuse HCC demonstrates a unique

“replacement” growth pattern where cancer cells do not disrupt
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normal liver tissue but rather “hijack” hepatic sinusoidal vessels or

portal tracts to achieve vascular colonization by replacing normal

hepatocytes in the hepatic plate (14) (Figure 1).

VC can also be observed in advanced HCC. With the

continuous invasion of cancer cells, hepatic sinusoidal vessels or

portal venous bundles are gradually integrated into the tumor tissue

(11). In addition, a relatively rare VC pattern known as “sinus” VC

mode exists in rapidly progressive end-stage HCC. In this mode,

cancer cells are confined to the luminal surface of hepatic sinusoid

vessels. Autopsy studies of early liver cancer suggest that VC can be

observed in 60% of liver cancers (15). Kuczynski et al. showed that

the proportion of VC in sorafenib-resistant liver cancer tissues was

as high as 75% (16).
2.2 Secondary liver cancer

Liver metastases can also utilize VC to achieve blood supply.

The vascularization pattern of liver metastasis is influenced by the

primary tumor. Two independent studies have confirmed that VC

can be observed in more than 90% of breast cancer liver metastases

(10, 17). In patients with colorectal cancer liver metastasis

(CRCLM), 47% of them use VC, while the remaining patients still

exhibit angiogenic characteristics (18). A study has confirmed that

CRCLM patients with VC have a high positive rate of resection

margin, high recurrence rate, and poor prognosis after hepatectomy

(18). In addition, a series of clinical studies have shown that VC

exists widely in patients with liver metastasis after AAT, and these

patients tend to exhibit poor response to angiogenesis inhibitors

(10, 19, 20).
3 Molecular mechanisms of vessel
co-option in liver cancer

The determinants influencing the selection of vascularizationmode

in liver cancer and the specific mechanism underlying VC remain

elusive. What is worth paying attention to is what role VEGF plays in

VC. Studies have shown that VEGF interacts with angiopoietin-2

(Ang-2)/Tie-2 and dynamically participates in the VC process (21).

When the level of VEGF is low, the vascular endothelial cells involved

in co-option highly express Ang-2. Ang-2 interrupts the interaction

between endothelial cells and surrounding Sertoli cells and endothelial

cell apoptosis by binding to Tie-2, resulting in obvious vascular

degeneration (21–23). With the increase of VEGF-induced

expression, Ang2/Tie2 induced endothelial cell proliferation and

triggered neovascularization. VEGFR-2 is the main receptor of

VEGF. When it is inhibited, the tumor changes from angiogenesis to

VC (16, 24). Therefore, VC can be regulated by VEGF/VEGFR-2 and

Ang-2/Tie-2 pathways. In addition, existing studies have shown that

VC encompasses diverse mechanisms encompassing cancer cell

motility and adhesion, epithelial-mesenchymal transition (EMT), and

metabolic reprogramming. Therefore, we will discuss the mechanism

of VC in liver cancer from these aspects.
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3.1 Cancer cells motility and adhesion

In theory, VC depends on the cancer cells motility and adhesion.

Motility refers to cancer cells invading adjacent tissues, approaching

or wrapping co-option vessels. Adhesion refers to cancer cells

adhering to vascular basement membrane or endothelial cells after

arriving at blood vessels. Inducing cancer cell movement is the first

stage in the establishment of VC, which enables cancer cells to invade

their neighboring tissues and co-opt the pre-existing vessels. In VC of

liver cancer, actin-related protein 2/3 (ARP2/3) and thrombospondin

1 (THBS1) are important in inducing cancer cells motility. ARP2/3

can mediate the actin nucleation and promote the movement of

cancer cells toward adjacent tissues (25, 26). Frentzas et al.

demonstrated that knockdown ARP2/3 can suppress VC in a

preclinical model of advanced liver metastasis (10). In CRCLM,

overexpressed angiopoietin-1 (Ang-1) can bind to Tie-2 and

promote VC through the PI3K/AKT pathway (27). In addition,

Runt-associated transcription factor-1 (RUNX1) is overexpressed in

cancer cells that replace lesions. It drives cancer cells movement

through ARP2/3 to achieve VC (28). A study has shown that the

expression of THBS1 in VC is higher than that in angiogenic tumors

(29). In CRCLM, THBS1 induces cancer cells movement and

promotes VC (29) (Figure 2). In addition, CDC42, CD44,

EGFRvIII, CXCR4-CXCL12, and Olig2-Wnt7a have been found to

promote the movement of cancer cells in other organ tumors (30–33).

In VC, cancer cells often need to adhere to the vascular

basement membrane or the endothelial cells of pre-existing blood

vessels through a variety of adhesion molecules. Claudin-2, L1 cell

adhesion molecule (L1CAM), and so on are involved in VC.

Claudin is an important component involved in tight junctions

between cells. Tabaris et al. have shown that Claudin-2 participates

in the adhesion of colon cancer cells to hepatocytes and is highly

expressed in VC. Its high expression is related to poor OS and

progression-free survival (PFS) in CRCLM patients (34). L1CAM is

a highly expressed cell surface glycoprotein in metastatic tumors

(35). In uveal melanoma liver metastasis, L1CAM enables cancer

cells to attach and utilize existing blood vessels in the liver (36). The

latest research shows that the overexpression of aVb3-integrin is

also an important part of VC. In CERCLM, the overexpression of

Alanine-Serine-Cysteine 2 (ASCT2) can promote the expression of

aVb3-integrin in tumor cells, and then activate the aVb3/FAK/
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PI3K/AKT signal pathway, thus promoting VC (24). Integrin

families such as b1-integrin, a3-integrin, b4-integrin, and b6-
integrin also have been found to promote the adhesion of cancer

cells in other organ tumors during VC (37–39). In addition, a3b1-
integrin may be involved in the formation of VC in liver cancer. It

not only promotes the migration and invasiveness of HCC but also

has anti-angiogenic properties when interacting with a 12-residue

peptide of thrombospondin 1 (40–42). The action mechanism of

a3b1-integrin in VC needs to be further studied.
3.2 EMT

EMT means that epithelial cells are transformed into cells with

stromal phenotype. It shows changes in cell morphology, polarity, and

phenotype, and decreased intercellular adhesion, accompanied by

abnormal cell signal pathways and gene expression, increasing tumor

invasion and metastasis (43). EMT is characterized by the deficiency

or decreased expression of the epithelial marker E-cadherin,

overexpression of E-cadherin repressors such as Zeb-1, Zeb-2,
FIGURE 2

The mechanism of movement and adhesion of cancer cells in vessel
co-option in liver cancer. ARP2/3 and THBS1 induce cancer cells
movement, and ARP2/3 is regulated by RUNX1 and Ang-1/Tie-2/
PI3K/AKT pathway. L1CAM and Claudin-2 promote the adhesion of
cancer cells to the vascular basement membrane or the endothelial
cells of pre-existing blood vessels. .
FIGURE 1

Tumor growth patterns associated with vessel co-option in liver cancer: cancer cells grow within the liver cell plates while replacing the pre-existing
hepatocytes. The red arrow refers to the co-option vessels.
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Twist, Snail, and Slug, and increased expression of mesenchymal

markers such as vimentin and N -cadherin (44–46). When cancer

cells approach pre-existing blood vessels, their growth depends on

invading healthy tissue from neighboring blood vessels. Therefore,

cells close to VC lesions must undergo phenotypic changes, which

may be displaced by cancer cells. In a VC-dependent CRCLM, Rada

et al. found that the expression of E-cadherin decreased and vimentin

increased significantly in hepatocytes in close contact with cancer cells

(47). Similarly, in another study, the expression of EMT markers

including vimentin, ZEB1, and ZEB2 increased significantly in the

sorafenib-resistant group, resulting in the infiltration of cancer cells

into the surrounding liver tissue and the formation of VC (16). In

summary, these dates strongly suggest the correlation between the

EMT process and VC. At present, the potential molecular mechanism

of the role of EMT in VC is not clear, and further research is needed.
3.3 Metabolism reprogramming

Metabolism reprogramming is one of the characteristics of

malignant tumors, including glycolysis, oxidative phosphorylation,

amino acid metabolism, fatty acid metabolism, and nucleotide

metabolism. It provides material and energy bases for tumor

growth, proliferation, invasion, and metastasis. Studies suggest that

AAT usually induces hypoxia microenvironment before tumor-

acquired drug resistance, which is beneficial to the transformation

of tumor metabolism to glycolysis and glutamine metabolism (48–

50). In VC, the tumor tissue showed enhanced glycolysis and

pentose phosphate pathway activation (51). The pentose

phosphate pathway has the function of anti-oxidation and defense

and has a higher resistance to reactive oxygen species. It can lead to

the survival benefit of cancer cells and is related to the malignant

progression and poor prognosis of tumors (52). Further study

showed that glutamine transporter ASCT2 was overexpressed in

bevacizumab or regorafenib-resistant HCT116 CRCLM xenograft.

ASCT2 promoted VC by inducing tumor EMT, and cell

proliferation, and promoting the recruitment of Gr-1+ myeloid-

derived suppressor cells (MDSCs) and F4/80 + TAMs (24). In

addition, in non-small cell lung cancer VC, the expression of

genes involved in mitochondrial regulation was up-regulated, and

the levels of oxidative phosphorylation andmitochondrial biogenetic

transcripts such as GPI, NDUFB6, ANXA7, and PRSS15 are higher.

This suggests that, in lung cancer VC, the metabolic transition from

glycolysis to oxidative phosphorylation may occur (53). These

studies suggest that metabolism reprogramming may be involved

in various organs of VC, but the specific mechanism in VC

formation is not clear.
4 Vessel co-option meditates AAT
resistance in liver cancer

The resistance of VC to AAT can be either intrinsic (observed

from the beginning of treatment) or acquired (observed after AAT
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treatment). In theory, since VC is independent of endothelial cell

angiogenesis, VC in liver cancer may show resistance to AAT from

the beginning of treatment. In a clinical study of bevacizumab

combined with chemotherapy in the treatment of CRCLM, the

researchers observed that patients with angiogenic CRCLM had a

better response to treatment. Patients with a poor response or no

response mainly showed VC growth pattern (10). Another

independent study also confirmed that bevacizumab could

significantly inhibit angiogenesis but did not affect the co-option

vessels in HCC (19). In addition, another mechanism of VC-

mediated intrinsic drug resistance in AAT is stable fluid shear

stress. Fluid shear stress is the tangential friction force exerted by

the stratosphere on the surface of vascular endothelium, which is

affected by blood viscosity, blood flow, vascular diameter, and so on

(54). When fluid shear stress decreases, it will lead to abnormal

growth of blood vessels, an increase in tumor activity, invasion and

migration, etc (55–57). In angiogenic tumors, neovascularization is

usually immature, vascular walls are fragile, endothelial cells and

pericytes are arranged irregularly, resulting in incoherent blood

leakage and perfusion. High permeability tumor vessels promote

the entry of plasma and proteins into the surrounding stroma and

increase blood viscosity in the tumor microenvironment (58). The

blood flow is irregular and chaotic, and the blood flow velocity and

blood flow are unevenly distributed. There are more vascular

branches in the process of forming the reticular structure of

tumor vessels, so the flow velocity of blood in tumor vessels is

lower than that in normal blood vessels. However, in VC tumors,

the co-option vessels have dense pericyte coverage and vascular

endothelial cell connections, ensuring normal blood circulation and

no leakage (21, 59). Therefore, the shear stress of angiogenic tumors

is lower than that of vessel co-opting tumors, which leads to an

increase in tumor activity, proliferation, invasion, and metastasis.

Anti-angiogenic drugs restore the functional and morphological

characteristics of tumor vessels to a normal state, reduce leakage,

reduce curved blood vessels, make basement membrane more

normal, and increase pericyte coverage, resulting in increased

shear stress and promote tumor cell apoptosis (60). Because

angiogenic tumors use pre-existing mature vessels to grow, the

shear stress does not change significantly, so the effect of “vascular

normalization” of anti-angiogenic drugs is general.

The resistance of VC to AAT may also be attributed to its

adaptive ability acquired through the inhibition of tumor

angiogenesis. It is speculated by researchers that this acquired

drug resistance might be associated with the transition in the

tumor’s vascularization pattern from angiogenesis to VC (8).

Kuczynski et al. found that in sorafenib-resistant liver cancer

tissues, the proportion of VC was as high as 75%, while in the

untreated control group, it accounted for only 23.3% (16). This

finding further suggests that the vascularization mode of HCC has

changed significantly from angiogenesis to VC during the process of

drug resistance. These findings suggest that VC, as an important

mechanism of drug resistance in AAT, poses a new challenge to

clinical tumor therapy. The treatment strategy for VC needs to be

further explored.
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5 The tumor immune
microenvironment in vessel co-option

5.1 T-cells

According to the distribution and activity of T-cells within the

tumor microenvironment, the tumor can be classified into three

distinct immunophenotypes: immune desert, immune-inflamed,

and immune-excluded phenotypes (61). VC showed an immune

desertification phenotype, and there was little T-cells infiltration in

the tumor and stroma. Brunner et al. studied the immune cell

density at the tumor-liver interface in 201 patients with CRCLM.

They observed low levels of CD4, CD45RO, and CD8 positive T

cells at the infiltrating edge of tumors using VC, as opposed to

angiogenic tumors (62). Similarly, Vermeulen et al. observed that a

low density of CD8-positive immune cells was present at the

interface between the carcinoma tissue and the adjacent liver in

VC (63). A recent study by Scherer SJ et al. has also observed this

phenomenon (53). In addition, CRCLM patients using VC showed

high MHC-I expression and low CD3+ T cell count, which was

associated with the risk of early recurrence (64). To sum up, these

studies suggest that VC has an immune desertification phenotype

and that its level of T cell infiltration is associated with a poor

response to current treatment regimens.
5.2 Tumor-associated macrophages

During VC, macrophages assist in cancer cell invasion. In the

model of renal cancer lungmetastasis model of VC,matrix-remodeling

macrophages are enriched at the front of invasion. They are

characterized by high expression of genes involved in extracellular

matrix (ECM) remodeling (Ctsd, Ctss, Ctsb, Gpnmb, etc.), and genes

supporting cancer cell invasion and migration (Spp1, Cd63, Pdpn, and

Anxa1, etc.), which participate in leukocyte-endothelial cell interaction

(65). For cancer cells to move to pre-existing blood vessels, they must

pass through the dense stroma. Matrix-remodeling macrophages can

pave the way throughmatrix recombination, including the degradation

of existing matrix and the deposition of new matrix, assisting cancer

cells to participate in VC (66). In addition, the authors also observed

the enrichment of antigen-presenting cells/inflammatory macrophages

on the surrounding edge of tumor nodules using VC (65). In a single-

cell analysis of mononuclear phagocytes infiltrating human CRCLM,

TAMs with high expression of glycoprotein nonmetastatic melanoma

protein B (GPNMB) were found to be enriched at the invasive edge.

The high density of GPNMB+ cells was associated with shorter disease-

free survival and OS. Subsequent investigations revealed that GPNMB-

high TAMs exerted immunosuppressive effects by strongly binding to

CD8+ T cells through key immunosuppressive cytokines, namely IL20

and IL10 (67). In addition, Xiong et al. found that GPNMB-high

macrophages ineffectively retain T cells from activating by dendritic

cells due to continuous co-stimulation signals but instead exert non-

effective retention. Furthermore, GPNMB-high macrophages can

interact with T-cells through chemokines such as Ccl2-Cxcr3,

Cxcl16-Cxcr6, and Ccl3-Ccr1 (68). These findings suggest that the
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overexpression of GPNMB inmacrophage subsets may present a novel

strategy for inhibiting VC and promoting T cell-based

immunotherapy. It is time to address the knowledge gap regarding

the role of TAMs in the initiation and progression of VC in

liver cancer.
5.3 Hepatic stellate cells

HSCs are located in the disuse space and close to hepatic

sinusoidal endothelial cells. They are irregular in shape and often

extend several stellate processes around the hepatic sinusoids. HSCs

can secrete chemokines, cytokines, growth factors, or proteases,

which promote tumor growth, metastasis, angiogenesis, and

immune escape, and are considered liver-specific pericytes (69–

72). Ming Qi et al. found that in the CRCLM models of

bevacizumab resistance, the HSCs around the co-option vessels

had a high expression of fibroblast activation protein a (FAPa).
FAPa induced CXCL5 secretion in HSCs and then activated

CXCR2, which promoted tumor cell EMT and the recruitment of

MDSCs, inhibiting the infiltration of CD8+ T cells (73). However, a

recent single-cell RNA-seq analysis of a murine AAT-resistant lung

tumor model revealed an increase in quiescent co-opted pericytes

but a decrease in angiogenic/activated pericytes within the VC (65).

These findings suggest that pericytes exhibit distinct states within

the VC of metastasized tumors, potentially influenced by the

fibrotic response of HSCs to liver injury or inflammation.

Although the exact state and underlying mechanism of pericytes

in VC remain inconclusive, several studies have indicated their

potential role in promoting endothelial cell survival (74). This could

be a significant factor contributing to the resistance observed in co-

option vessels with intact structure and high pericyte coverage.

Furthermore, these observations offer novel insights and avenues

for targeting VC within the tumor immune microenvironment.
5.4 Neutrophils

Evidence of pro-tumorigenic and pro- metastatic of neutrophils

has been widely studied (75–77). Palmieri et al. have observed that,

compared to angiogenic lesions, a significant increase in the number

of neutrophils at the tumor-liver interface and peri-tumor stroma in

CRCLM lesions using VC (78). These neutrophils express high levels

of lysyl oxidase-like 4 (LOXL4) (78). Further study showed that in

VC, RUNX1 is highly expressed in the cancer cells, which induces the

expression of transforming growth factor b1 (TGF-b1)and Ang-1 in

the neighboring liver parenchyma. The overexpression of Ang1 in the

hepatocytes incites the migration of neutrophils into the tumor

microenvironment. However, the role of neutrophils in the

development and maintenance of VC needs further research.
5.5 ECM

ECM is an important part of the tumor microenvironment.

ECM provides the support and structure needed for cell growth and
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migration and contains many growth factors and cell adhesion

molecules. It can regulate the growth, proliferation, migration, and

metastasis of tumor cells (79). Important components of ECM, such

as collagen, laminin, and matrix metalloproteinase (MMP) can

interact with adhesion molecules to promote the movement of

tumor cells towards existing blood vessels (80, 81). Palmieri et al.

showed that the levels of MMP-2, and MMP-14 in VC-type

CRCLM were significantly higher than those in angiogenic

CRCLM, and the specific collagen proteins including COL10A1,

COL13A1, COL14A1, and COL17A1 were significantly up-

regulated (78). Activated MMP14 and MMP2 split laminin 5g2
into motion-promoting segments 5g2’and 5g2x, which are an

essential part of non-angiogenic tumors (59). In addition,

compared with angiogenic tumors, the invasive front of uveal

melanoma using VC is rich in “L1CAM and laminin vascular

network” (36). Laminin is located in the basement membrane

between sinus vascular channels and angiophilic melanoma cells.

It binds to the highly expressed L1CAM of melanoma cells and

makes cancer cells spread along the vascular channels. These studies

suggest that ECM components such as laminin, collagen, and MMP

may promote VC. On the other hand, VC may also affect the

composition of ECM. Vessel co-opting tumors oppress existing

blood vessels, resulting in deformation and hypoxia (82). Hypoxia is

beneficial to the formation of type I collagen and ECM remodeling

through collagen degradation by matrix metalloproteinases, thus

increasing the invasiveness of cancer cells (83). In summary, fully

understanding the changes of ECM in VC is beneficial to

targeted therapy.

In summary, VC shows a unique immune niche (Figure 3). A

comprehensive and in-depth analysis of the composition,

characteristics, and dynamic changes within the immune

microenvironment in VC will facilitate the development of

personalized therapy strategies for liver cancer in the future.

However, currently, our understanding of the role played by the

immune microenvironment in VC remains limited and necessitates

further exploration.
6 Therapy

6.1 Immunotherapy

In recent years, immunotherapy represented by immune

checkpoint inhibitors has shown reliable clinical efficacy in liver

cancer treatment. Immune checkpoint inhibitors can alleviate the

interaction between immune checkpoint proteins and their

ligands, promote T cell activation and proliferation, and avoid

tumor immune escape (84). However, tumors with limited levels

of T-cell infiltration showed inherent resistance to immune

checkpoint inhibitors (85). Studies have shown that there are only

low levels of immune and/or inflammatory cell infiltration in VC

liver metastases, showing the characteristics of immune

“desertification” (63). Therefore, immune checkpoint inhibitors

alone may not be effective in suppressing VC. Previous studies

have suggested that AAT can increase tumor immune cell

infiltration and enhance the efficacy of immunotherapy.
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may enhance the efficacy of immunosuppressants in the

treatment of VC within liver cancer (86).

In the study of the AAT-resistant lung tumor model in mice,

M1 macrophages were highly enriched in VC (65). The enrichment

of these pro-inflammatory macrophages shows that VC can activate

cytotoxic T lymphocytes and lead to anti-tumor immunity.

However anti-tumor immunity is not enough to reduce tumor

load (65). Therefore, promoting the polarization of M1-like

macrophages may be helpful to improve the prognosis of VC. In

a mathematical modeling study about VC, it was found that

blocking VEGF and VC at the same time could enhance tumor

oxygenation and increase the abundance of M1 macrophages, thus

improving the prognosis of VC (82). It provides a new idea for

treating VC liver cancer.

HSCs are considered to be liver-specific pericytes and play an

important role in VC in liver cancer. Ming Qi et al. confirmed that

blocking the FGFBP1/FGF2/FGFR1 signal pathway can inhibit the

expression of FAPa in HSCs and attenuate VC. Z-GP-DAVLBH, a

FAPa-activated prodrug, selectively induces apoptosis of FAPa+

HSCs and destroys co-opted sinusoid vessels to overcome VC-

mediated bevacizumab resistance (73). The specific role of pericytes

in different organ tumors using VC is not clear, and more

experiments are needed to explore.

Another concern revolves around the pivotal role of liver

sinusoidal endothelial cells (LSECs) in tumor immunity as a

crucial component of VC. LSECs can express PD-L1. PD-L1

interacts with PD-1 on T cells, which hinders T cell function and

suppresses its anti-tumor activity, which mediates liver immune

tolerance (87–90). Moreover, LSECs also employ other inhibitory or

immunomodulatory molecules such as Fas ligand, LSECtin, and IL-

10 to effectively regulate T-cells function (91). Furthermore, both in

vivo and in vitro studies demonstrate that LSECs can facilitate the

conversion of Treg into functional suppressor cells (92). In

summary, LSECs possess robust immunomodulatory capabilities

and play a pivotal role in maintaining immune tolerance. Ongoing

evaluations are currently underway for antibodies targeting PD-L1

expression in LSECs, such as durvalumab (93). Consequently,

future research endeavors should focus on elucidating the

expression of PD-L1 within LSECs and its significance within the

vascular-immune niche in VC.
6.2 Targeted therapy

Targeting VC especially inhibits tumor cell movement and

adhesion, is the current research hotspot. Preclinical studies of

CRCLM have shown that knockout of ARP2/3 can inhibit the

movement of tumor cells, thus suppressing VC (10). In addition,

Tabaris et al. have shown that the ability of colon cancer cells

lacking Claudin-2 to metastasize to the liver decreases, and VC

production decreases (34). It has been reported that L1CAM can

promote the expression of adhesion molecule b1 integrin and up-

regulate ARP2/3 to promote cell motility. At the same time, L1CAM

can also inhibit the maturation of the tumor vascular system.

Therefore, in theory, inhibition of L1CAM can not only suppress
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VC by preventing cancer cells motility and adhesion but also

increase the efficacy of chemotherapy or immunotherapy

inducing vascular normalization (82, 94). However, this

conjecture still needs to be proved by further experiments.

In the process of EMT, cancer cells lose their epithelial

characteristics and acquire mesenchymal characteristics. As a

result, the adhesion between tumor cells decreased and the

migration increased, which is beneficial to the formation of VC.

Research shows that cancer cells induce EMT through

overexpression of TGF-b, which in turn promotes VC (47). At

the same time, it has been reported that TGF-b1 can stimulate

hepatocytes to produce EMT in a dose and time-dependent manner

(95). Therefore, inhibition EMT driven by TGF-b1 is one of the

strategies for the treatment of AAT-resistant tumors.

Glutamine is the most abundant amino acid in the blood and

plays an important role in providing carbon and nitrogen for

synthetic metabolism. In CRCLM, the combination of glutamine

transporter ASCT2 inhibitor and bevacizumab or regorafenib

attenuated VC. Compared with bevacizumab or regorafenib

alone, they significantly prolonged the OS of mice (24). In short,

the therapeutic strategy of inhibiting glutamine transporter has

opened up a new approach to overcome VC-mediated AAT

drug resistance.
6.3 Chemotherapy

Some scholars have proposed that VC exposes cancer cells to a

unique niche and induces chemotherapy resistance. Lu et al.

observed that in vessel co-opting tumors, endothelial cells

produce ligand Jagged-1, which induces stem cell phenotype in

cancer cells, which may affect the efficacy of chemotherapy (96). In

addition, under the background of the unique dual blood supply of

the liver, cancer cells using co-opted vessels can survive from

hepatic artery chemoembolization because of co-opted with the

portal vein system instead of the hepatic artery (97). On the
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contrary, some scholars believe that VC has a relatively

normalized vascularization system, which makes tumors more

likely to benefit from chemotherapy. In addition, chemotherapy

combined with AAT may inhibit VC. For example, in the VC-

dependent metastatic triple-negative breast cancer model, the

combination of topotecan and pazopanib significantly enhanced

the antitumor activity and prolonged the OS of patients compared

with topotecan alone (98).
6.4 Other treatments

Tumor hypoxia microenvironment will affect the effect of

radiotherapy, so the application of AAT to promote vascular

normalization to improve the effect of radiotherapy has been a

long-awaited clinical strategy. According to this idea, the

combination strategy based on radiotherapy is more expected in

VC. In addition, some scholars have begun to study the effect of

metformin on VC of liver cancer in recent years. A study showed

that CRCLM patients treated with metformin have fewer co-option

vessels than unused patients (99). At the same time, Li et al. have

shown that metformin can improve the chemotherapy resistance of

non-angiogenic colorectal cancer by increasing microvessel density

and restoring vascular function and maturity (100). This suggests

that metformin may play a role in the treatment of VC, but the

specific mechanism remains to be further studied.
7 Summary

VC is an emerging and captivating domain in the realms of

angiogenesis and tumor biology. The emergence of VC-mediated

AAT resistance and immunosuppression in liver cancer presents a

novel challenge for clinical interventions. Nevertheless, our current

comprehension of VC in liver cancer remains nascent.

Understanding the theoretical underpinnings behind VC-induced
FIGURE 3

The tumor immune microenvironment in vessel co-option and angiogenesis.
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AAT resistance, and delving into the intricate landscape of the

tumor immune microenvironment within VC may yield fresh

insights and innovative approaches toward precision-based

therapies for liver cancer.
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29. Daubon T, Léon C, Clarke K, Andrique L, Salabert L, Darbo E, et al. Deciphering
the complex role of thrombospondin-1 in glioblastoma development. Nat Commun.
(2019) 10(1):1146. doi: 10.1038/s41467-019-08480-y

30. Pham K, Luo D, Siemann DW, Law BK, Reynolds BA, Hothi P, et al. VEGFR
inhibitors upregulate CXCR4 in VEGF receptor-expressing glioblastoma in a TGFbR
signaling-dependent manner. Cancer Lett. (2015) 360(1):60–7. doi: 10.1016/
j.canlet.2015.02.005

31. Caspani EM, Crossley PH, Redondo-Garcia C, Martinez S. Glioblastoma: a
pathogenic crosstalk between tumor cells and pericytes. PloS One. (2014) 9(7):e101402.
doi: 10.1371/journal.pone.0101402

32. Griveau A, Seano G, Shelton SJ, Kupp R, Jahangiri A, Obernier K, et al. A glial
signature and wnt7 signaling regulate glioma-vascular interactions and tumor
microenvironment. Cancer Cell . (2018) 33(5):874–89.e7. doi: 10.1016/
j.ccell.2018.03.020

33. Lindberg OR, McKinney A, Engler JR, Koshkakaryan G, Gong H, Robinson AE,
et al. GBM heterogeneity as a function of variable epidermal growth factor
receptor variant III activity. Oncotarget. (2016) 7(48):79101–16. doi: 10.18632/
oncotarget.12600

34. Tabaries S, Annis MG, Lazaris A, Petrillo SK, Huxham J, Abdellatif A, et al.
Claudin-2 promotes colorectal cancer liver metastasis and is a biomarker of the
replacement type growth pattern. Commun Biol. (2021) 4(1):657. doi: 10.1038/
s42003-021-02189-9

35. Ganesh K, Basnet H, Kaygusuz Y, Laughney AM, He L, Sharma R, et al. L1CAM
defines the regenerative origin of metastasis-initiating cells in colorectal cancer. Nat
Cancer. (2020) 1(1):28–45. doi: 10.1038/s43018-019-0006-x

36. Barnhill R, van Laere S, Vermeulen P, Roman-Roman S, Gardrat S, Alsafadi S,
et al. L1CAM and laminin vascular network: Association with the high-risk
replacement histopathologic growth pattern in uveal melanoma liver metastases. Lab
Invest. (2022) 102(11):1214–24. doi: 10.1038/s41374-022-00803-w

37. Reymond N, Im JH, Garg R, Vega FM, Borda d'Agua B, Riou P, et al. Cdc42
promotes transendothelial migration of cancer cells through beta1 integrin. J Cell Biol.
(2012) 199(4):653–68. doi: 10.1083/jcb.201205169

38. Bugyik E, Dezso K, Reiniger L, László V, Tóvári J, Tıḿár J, et al. Lack of
angiogenesis in experimental brain metastases. J Neuropathol Exp Neurol. (2011) 70
(11):979–91. doi: 10.1097/NEN.0b013e318233afd7

39. Yao H, Price TT, Cantelli G, Ngo B, Warner MJ, Olivere L, et al. Leukaemia
hijacks a neural mechanism to invade the central nervous system. Nature. (2018) 560
(7716):55–60. doi: 10.1038/s41586-018-0342-5

40. Giannelli G, Fransvea E, Marinosci F, Bergamini C, Colucci S, Schiraldi O, et al.
Transforming growth factor-beta1 triggers hepatocellular carcinoma invasiveness via
alpha3beta1 integrin. Am J Pathol. (2002) 161(1):183–93. doi: 10.1016/s0002-9440(10)
64170-3

41. Giannelli G, Bergamini C, Fransvea E, Marinosci F, Quaranta V, Antonaci S,
et al. Human hepatocellular carcinoma (HCC) cells require both alpha3beta1 integrin
and matrix metalloproteinases activity for migration and invasion. Lab Invest. (2001)
81(4):613–27. doi: 10.1038/labinvest.3780270

42. Furrer J, Luy B, Basrur V, Roberts DD, Barchi JJ Jr. Conformational analysis of
an alpha3beta1 integrin-binding peptide from thrombospondin-1: implications for
antiangiogenic drug design. J Med Chem. (2006) 49(21):6324–33. doi: 10.1021/
jm060833l

43. Ye X, Weinberg RA. Epithelial-mesenchymal plasticity: A central regulator of
cancer progression. Trends Cell Biol. (2015) 25(11):675–86. doi: 10.1016/
j.tcb.2015.07.012

44. Wels C, Joshi S, Koefinger P, Bergler H, Schaider H. Transcriptional activation of
ZEB1 by Slug leads to cooperative regulation of the epithelial-mesenchymal transition-
like phenotype in melanoma. J Invest Dermatol. (2011) 131(9):1877–85. doi: 10.1038/
jid.2011.142

45. McConkey DJ, Choi W, Marquis L, Martin F, Williams MB, Shah J, et al. Role of
epithelial-to-mesenchymal transition (EMT) in drug sensitivity and metastasis in
bladder cancer. Cancer Metastasis Rev. (2009) 28(3–4):335–44. doi: 10.1007/s10555-
009-9194-7

46. Nakajima S, Doi R, Toyoda E, Tsuji S, Wada M, Koizumi M, et al. N-cadherin
expression and epithelial-mesenchymal transition in pancreatic carcinoma. Clin Cancer
Res. (2004) 10(12 Pt 1):4125–33. doi: 10.1158/1078-0432.Ccr-0578-03

47. Rada M, Tsamchoe M, Kapelanski-Lamoureux A, Hassan N, Bloom J, Petrillo S,
et al. Cancer cells promote phenotypic alterations in hepatocytes at the edge of cancer
cell nests to facilitate vessel co-option establishment in colorectal cancer liver
metastases. Cancers (Basel). (2022) 14. doi: 10.3390/cancers14051318

48. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of hypoxia in cancer
therapy by regulating the tumor microenvironment. Mol Cancer. (2019) 18(1):157.
doi: 10.1186/s12943-019-1089-9
Frontiers in Oncology 09
49. Keunen O, Johansson M, Oudin A, Sanzey M, Rahim SA, Fack F, et al. Anti-
VEGF treatment reduces blood supply and increases tumor cell invasion in
glioblastoma. Proc Natl Acad Sci U.S.A. (2011) 108(9):3749–54. doi: 10.1073/
pnas.1014480108

50. Huang Q, Stalnecker C, Zhang C, McDermott LA, Iyer P, O'Neill J, et al.
Characterization of the interactions of potent allosteric inhibitors with glutaminase C, a
key enzyme in cancer cell glutamine metabolism. J Biol Chem. (2018) 293(10):3535–45.
doi: 10.1074/jbc.M117.810101

51. Fleischer JR, Schmitt AM, Haas G, Xu X, Zeisberg EM, Bohnenberger H, et al.
Molecular differences of angiogenic versus vessel co-opting colorectal cancer liver
metastases at single-cell resolution. Mol Cancer. (2023) 22(1):17. doi: 10.1186/s12943-
023-01713-1

52. Basak D, Uddin MN, Hancock J. The role of oxidative stress and its
counteractive utility in colorectal cancer (CRC). Cancers. (2020) 12(11):3336.
doi: 10.3390/cancers12113336

53. Stremitzer S, Vermeulen P, Graver S, Kockx M, Dirix L, Yang D, et al. Immune
phenotype and histopathological growth pattern in patients with colorectal liver
metastases. Br J Cancer. (2020) 122:1518–24. doi: 10.1038/s41416-020-0812-z

54. Lim XR, Harraz OF. Mechanosensing by vascular endothelium. Annu Rev
Physiol. (2024) 86:71–97. doi: 10.1146/annurev-physiol-042022-030946

55. Fu A, Yao B, Dong T, Chen Y, Yao J, Liu Y, et al. Tumor-resident intracellular
microbiota promotes metastatic colonization in breast cancer. Cell. (2022) 185
(8):1356–72.e26. doi: 10.1016/j.cell.2022.02.027

56. Zanotelli MR, Reinhart-King CA. Mechanical forces in tumor angiogenesis. Adv
Exp Med Biol. (2018) 1092:91–112. doi: 10.1007/978-3-319-95294-9_6

57. Zhou H, Wang M, Zhang Y, Su Q, Xie Z, Chen X, et al. Functions and clinical
significance of mechanical tumor microenvironment: cancer cell sensing,
mechanobiology and metastasis. Cancer Commun (Lond). (2022) 42(5):374–400.
doi: 10.1002/cac2.12294

58. Liu ZL, Chen HH, Zheng LL, Sun LP, Shi L. Angiogenic signaling pathways and
anti-angiogenic therapy for cancer. Signal Transduct Target Ther. (2023) 8(1):198.
doi: 10.1038/s41392-023-01460-1

59. Seftor RE, Seftor EA, Koshikawa N, Meltzer PS, Gardner LM, Bilban M, et al.
Cooperative interactions of laminin 5 gamma2 chain, matrix metalloproteinase-2, and
membrane type-1-matrix/metalloproteinase are required for mimicry of embryonic
vasculogenesis by aggressive melanoma. Cancer Res. (2001) 61(17):6322–7.

60. Cao Y, Langer R, Ferrara N. Targeting angiogenesis in oncology, ophthalmology
and beyond. Nat Rev Drug Discovery. (2023) 22(6):476–95. doi: 10.1038/s41573-023-
00671-z

61. Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set
point. Nature. (2017) 541(7637):321–30. doi: 10.1038/nature21349

62. Brunner SM, Kesselring R, Rubner C, Martin M, Jeiter T, Boerner T, et al.
Prognosis according to histochemical analysis of liver metastases removed at liver
resection. Br J Surg. (2014) 101(13):1681–91. doi: 10.1002/bjs.9627

63. van Dam PJ, Daelemans S, Ross E, Waumans Y, Van Laere S, Latacz E, et al.
Histopathological growth patterns as a candidate biomarker for immunomodulatory
therapy . Semin Cancer Bio l . (2018) 52(Pt 2) :86–93 . doi : 10 .1016/
j.semcancer.2018.01.009

64. Messaoudi N, Henault D, Stephen D, Cousineau I, Simoneau E, Rong Z, et al.
Prognostic implications of adaptive immune features in MMR-proficient colorectal
liver metastases classified by histopathological growth patterns. Br J Cancer. (2022) 126
(9):1329–38. doi: 10.1038/s41416-021-01667-5

65. Teuwen LA, De Rooij L, Cuypers A, Rohlenova K, Dumas SJ, Garcia-Caballero
M, et al. Tumor vessel co-option probed by single-cell analysis. Cell Rep. (2021) 35
(11):109253. doi: 10.1016/j.celrep.2021.109253

66. Szulzewsky F, Pelz A, Feng X, Synowitz M, Markovic D, Langmann T, et al.
Glioma-associated microglia/macrophages display an expression profile different from
M1 and M2 polarization and highly express Gpnmb and Spp1. PloS One. (2015) 10(2):
e0116644. doi: 10.1371/journal.pone.0116644

67. Cortese N, Carriero R, Barbagallo M, Putignano AR, Costa G, Giavazzi F, et al.
High-resolution analysis of mononuclear phagocytes reveals GPNMB as a prognostic
marker in human colorectal liver metastasis. Cancer Immunol Res. (2023) 11(4):405–
20. doi: 10.1158/2326-6066.Cir-22-0462

68. Xiong A, Zhang J, Chen Y, Zhang Y, Yang F. Integrated single-cell
transcriptomic analyses reveal that GPNMB-high macrophages promote PN-MES
transition and impede T cell activation in GBM. EBioMedicine. (2022) 83:104239.
doi: 10.1016/j.ebiom.2022.104239

69. Kang N, Gores GJ, Shah VH. Hepatic stellate cells: partners in crime for liver
metastases? Hepatology. (2011) 54(2):707–13. doi: 10.1002/hep.24384

70. Zhao X, Amevor FK, Xue X, Wang C, Cui Z, Dai S, et al. Remodeling the hepatic
fibrotic microenvironment with emerging nanotherapeutics: a comprehensive review. J
Nanobiotechnology. (2023) 21(1):121. doi: 10.1186/s12951-023-01876-5

71. Zhu GQ, Tang Z, Huang R, Qu WF, Fang Y, Yang R, et al. CD36(+) cancer-
associated fibroblasts provide immunosuppressive microenvironment for
hepatocellular carcinoma via secretion of macrophage migration inhibitory factor.
Cell Discovery. (2023) 9(1):25. doi: 10.1038/s41421-023-00529-z

72. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev
Gastroenterol Hepatol. (2017) 14(7):397–411. doi: 10.1038/nrgastro.2017.38
frontiersin.org

https://doi.org/10.3390/cancers14102540
https://doi.org/10.3390/cancers14102540
https://doi.org/10.1038/s42003-021-02481-8
https://doi.org/10.1038/s42003-021-02481-8
https://doi.org/10.1038/s41467-019-08480-y
https://doi.org/10.1016/j.canlet.2015.02.005
https://doi.org/10.1016/j.canlet.2015.02.005
https://doi.org/10.1371/journal.pone.0101402
https://doi.org/10.1016/j.ccell.2018.03.020
https://doi.org/10.1016/j.ccell.2018.03.020
https://doi.org/10.18632/oncotarget.12600
https://doi.org/10.18632/oncotarget.12600
https://doi.org/10.1038/s42003-021-02189-9
https://doi.org/10.1038/s42003-021-02189-9
https://doi.org/10.1038/s43018-019-0006-x
https://doi.org/10.1038/s41374-022-00803-w
https://doi.org/10.1083/jcb.201205169
https://doi.org/10.1097/NEN.0b013e318233afd7
https://doi.org/10.1038/s41586-018-0342-5
https://doi.org/10.1016/s0002-9440(10)64170-3
https://doi.org/10.1016/s0002-9440(10)64170-3
https://doi.org/10.1038/labinvest.3780270
https://doi.org/10.1021/jm060833l
https://doi.org/10.1021/jm060833l
https://doi.org/10.1016/j.tcb.2015.07.012
https://doi.org/10.1016/j.tcb.2015.07.012
https://doi.org/10.1038/jid.2011.142
https://doi.org/10.1038/jid.2011.142
https://doi.org/10.1007/s10555-009-9194-7
https://doi.org/10.1007/s10555-009-9194-7
https://doi.org/10.1158/1078-0432.Ccr-0578-03
https://doi.org/10.3390/cancers14051318
https://doi.org/10.1186/s12943-019-1089-9
https://doi.org/10.1073/pnas.1014480108
https://doi.org/10.1073/pnas.1014480108
https://doi.org/10.1074/jbc.M117.810101
https://doi.org/10.1186/s12943-023-01713-1
https://doi.org/10.1186/s12943-023-01713-1
https://doi.org/10.3390/cancers12113336
https://doi.org/10.1038/s41416-020-0812-z
https://doi.org/10.1146/annurev-physiol-042022-030946
https://doi.org/10.1016/j.cell.2022.02.027
https://doi.org/10.1007/978-3-319-95294-9_6
https://doi.org/10.1002/cac2.12294
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1038/s41573-023-00671-z
https://doi.org/10.1038/s41573-023-00671-z
https://doi.org/10.1038/nature21349
https://doi.org/10.1002/bjs.9627
https://doi.org/10.1016/j.semcancer.2018.01.009
https://doi.org/10.1016/j.semcancer.2018.01.009
https://doi.org/10.1038/s41416-021-01667-5
https://doi.org/10.1016/j.celrep.2021.109253
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.1158/2326-6066.Cir-22-0462
https://doi.org/10.1016/j.ebiom.2022.104239
https://doi.org/10.1002/hep.24384
https://doi.org/10.1186/s12951-023-01876-5
https://doi.org/10.1038/s41421-023-00529-z
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.3389/fonc.2024.1386772
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2024.1386772
73. Qi M, Fan S, Huang M, Pan J, Li Y, Miao Q, et al. Targeting FAPalpha-
expressing hepatic stellate cells overcomes resistance to antiangiogenics in colorectal
cancer liver metastasis models. J Clin Invest. (2022) 132(19):e157399. doi: 10.1172/
JCI157399

74. Franco M, Roswall P, Cortez E, Hanahan D, Pietras K. Pericytes promote
endothelial cell survival through induction of autocrine VEGF-A signaling and Bcl-w
expression. Blood. (2011) 118(10):2906–17. doi: 10.1182/blood-2011-01-331694

75. Que H, Fu Q, Lan T, Tian X, Wei X. Tumor-associated neutrophils and
neutrophil-targeted cancer therapies. Biochim Biophys Acta Rev Cancer. (2022) 1877
(5):188762. doi: 10.1016/j.bbcan.2022.188762

76. Hedrick CC, Malanchi I. Neutrophils in cancer: heterogeneous and multifaceted.
Nat Rev Immunol. (2022) 22(3):173–87. doi: 10.1038/s41577-021-00571-6

77. Xiong S, Dong L, Cheng L. Neutrophils in cancer carcinogenesis and metastasis.
J Hematol Oncol. (2021) 14(1):173. doi: 10.1186/s13045-021-01187-y

78. Palmieri V, Lazaris A, Mayer TZ, Petrillo SK, Alamri H, Rada M, et al.
Neutrophils expressing lysyl oxidase-like 4 protein are present in colorectal cancer
liver metastases resistant to anti-angiogenic therapy. J Pathol. (2020) 251(2):213–23.
doi: 10.1002/path.5449

79. Huang J, Zhang L, Wan D, Zhou L, Zheng S, Lin S, et al. Extracellular matrix and
its therapeutic potential for cancer treatment. Signal Transduct Target Ther. (2021) 6
(1):153. doi: 10.1038/s41392-021-00544-0

80. Valiente M, Obenauf Anna C, Jin X, Chen Q, Zhang Xiang HF, Lee Derek J, et al.
Serpins promote cancer cell survival and vascular co-option in brain metastasis. Cell.
(2014) 156(5):1002–16. doi: 10.1016/j.cell.2014.01.040

81. Rada M, Lazaris A, Kapelanski-Lamoureux A, Mayer TZ, Metrakos P. Tumor
microenvironment conditions that favor vessel co-option in colorectal cancer liver
metastases: A theoretical model. Semin Cancer Biol. (2021) 71:52–64. doi: 10.1016/
j.semcancer.2020.09.001

82. Voutouri C, Kirkpatrick ND, Chung E, Mpekris F, Baish JW, Munn LL, et al.
Experimental and computational analyses reveal dynamics of tumor vessel cooption
and optimal treatment strategies. Proc Natl Acad Sci U.S.A. (2019) 116(7):2662–71.
doi: 10.1073/pnas.1818322116

83. Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix: drivers
of tumour metastasis. Nat Rev Cancer. (2014) 14(6):430–9. doi: 10.1038/nrc3726

84. Evrard D, Hourseau M, Couvelard A, Paradis V, Gauthier H, Raymond E, et al.
PD-L1 expression in the microenvironment and the response to checkpoint inhibitors
in head and neck squamous cell carcinoma. Oncoimmunology. (2020) 9(1):1844403.
doi: 10.1080/2162402x.2020.1844403

85. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired
resistance to cancer immunotherapy. Cell. (2017) 168:707–23. doi: 10.1016/
j.cell.2017.01.017

86. Wirsching HG, Roth P, Weller M. A vasculature-centric approach to developing
novel treatment options for glioblastoma. Expert Opin Ther Targets. (2021) 25(2):87–
100. doi: 10.1080/14728222.2021.1881062
Frontiers in Oncology 10
87. Hutchins NA, Wang F, Wang Y, Chung CS, Ayala A. Kupffer cells potentiate
liver sinusoidal endothelial cell injury in sepsis by ligating programmed cell death
ligand-1. J Leukoc Biol. (2013) 94(5):963–70. doi: 10.1189/jlb.0113051

88. Diehl L, Schurich A, Grochtmann R, Hegenbarth S, Chen L, Knolle PA.
Tolerogenic maturation of liver sinusoidal endothelial cells promotes B7-homolog 1-
dependent CD8+ T cell tolerance. Hepatology. (2008) 47(1):296–305. doi: 10.1002/
hep.21965

89. Yang M, Zhang C. The role of liver sinusoidal endothelial cells in cancer liver
metastasis. Am J Cancer Res. (2021) 11(5):1845–60.

90. Gracia-Sancho J, Caparrós E, Fernández-Iglesias A, Francés R. Role of liver
sinusoidal endothelial cells in liver diseases. Nat Rev Gastroenterol Hepatol. (2021) 18
(6):411–31. doi: 10.1038/s41575-020-00411-3

91. Xu X, Jin R, Li M, Wang K, Zhang S, Hao J, et al. Liver sinusoidal endothelial
cells induce tolerance of autoreactive CD4+ recent thymic emigrants. Sci Rep. (2016)
6:19861. doi: 10.1038/srep19861

92. Carambia A, Freund B, Schwinge D, Heine M, Laschtowitz A, Huber S, et al.
TGF-b-dependent induction of CD4+CD25+Foxp3+ Tregs by liver sinusoidal
endothelial cells. J Hepatol. (2014) 61(3):594–9. doi: 10.1016/j.jhep.2014.04.027

93. Llovet JM, Montal R, Sia D, Finn RS. Molecular therapies and precision medicine
for hepatocellular carcinoma. Nat Rev Clin Oncol. (2018) 15(10):599–616. doi: 10.1038/
s41571-018-0073-4

94. Magrini E, Villa A, Angiolini F, Doni A, Mazzarol G, Rudini N, et al. Endothelial
deficiency of L1 reduces tumor angiogenesis and promotes vessel normalization. J Clin
Invest. (2014) 124(10):4335–50. doi: 10.1172/jci70683

95. Song J. EMT or apoptosis: a decision for TGF-beta. Cell Res. (2007) 17(4):289–
90. doi: 10.1038/cr.2007.25

96. Lu J, Ye X, Fan F, Xia L, Bhattacharya R, Bellister S, et al. Endothelial cells
promote the colorectal cancer stem cell phenotype through a soluble form of Jagged-1.
Cancer Cell. (2013) 23(2):171–85. doi: 10.1016/j.ccr.2012.12.021

97. Mpekris F, Voutouri C, Baish JW, Duda DG, Munn LL, Stylianopoulos T, et al.
Combining microenvironment normalization strategies to improve cancer
immunotherapy. Proc Natl Acad Sci U.S.A. (2020) 117(7):3728–37. doi: 10.1073/
pnas.1919764117

98. Di Desidero T, Xu P, Man S, Bocci G, Kerbel RS. Potent efficacy of metronomic
topotecan and pazopanib combination therapy in preclinical models of primary or late
stage metastatic triple-negative breast cancer. Oncotarget. (2015) 6(40):42396–410.
doi: 10.18632/oncotarget.6377

99. Rada M, Krzywon L, Petrillo S, Lazaris A, Metrakos P. A retrospective study on
the role of metformin in colorectal cancer liver metastases. Biomedicines. (2023) 11.
doi: 10.3390/biomedicines11030731

100. Li GY, Zhang SJ, Xue D, Feng YQ, Li Y, Huang X, et al. Overcoming
chemoresistance in non-angiogenic colorectal cancer by metformin via inhibiting
endothelial apoptosis and vascular immaturity. J Pharm Anal. (2023) 13(3):262–75.
doi: 10.1016/j.jpha.2023.02.001
frontiersin.org

https://doi.org/10.1172/JCI157399
https://doi.org/10.1172/JCI157399
https://doi.org/10.1182/blood-2011-01-331694
https://doi.org/10.1016/j.bbcan.2022.188762
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1186/s13045-021-01187-y
https://doi.org/10.1002/path.5449
https://doi.org/10.1038/s41392-021-00544-0
https://doi.org/10.1016/j.cell.2014.01.040
https://doi.org/10.1016/j.semcancer.2020.09.001
https://doi.org/10.1016/j.semcancer.2020.09.001
https://doi.org/10.1073/pnas.1818322116
https://doi.org/10.1038/nrc3726
https://doi.org/10.1080/2162402x.2020.1844403
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1080/14728222.2021.1881062
https://doi.org/10.1189/jlb.0113051
https://doi.org/10.1002/hep.21965
https://doi.org/10.1002/hep.21965
https://doi.org/10.1038/s41575-020-00411-3
https://doi.org/10.1038/srep19861
https://doi.org/10.1016/j.jhep.2014.04.027
https://doi.org/10.1038/s41571-018-0073-4
https://doi.org/10.1038/s41571-018-0073-4
https://doi.org/10.1172/jci70683
https://doi.org/10.1038/cr.2007.25
https://doi.org/10.1016/j.ccr.2012.12.021
https://doi.org/10.1073/pnas.1919764117
https://doi.org/10.1073/pnas.1919764117
https://doi.org/10.18632/oncotarget.6377
https://doi.org/10.3390/biomedicines11030731
https://doi.org/10.1016/j.jpha.2023.02.001
https://doi.org/10.3389/fonc.2024.1386772
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Vessel co-option: a unique vascular-immune niche in liver cancer
	1 Introduction
	2 Vessel co-option in liver cancer and clinical prognosis
	2.1 Primary liver cancer
	2.2 Secondary liver cancer

	3 Molecular mechanisms of vessel co-option in liver cancer
	3.1 Cancer cells motility and adhesion
	3.2 EMT
	3.3 Metabolism reprogramming

	4 Vessel co-option meditates AAT resistance in liver cancer
	5 The tumor immune microenvironment in vessel co-option
	5.1 T-cells
	5.2 Tumor-associated macrophages
	5.3 Hepatic stellate cells
	5.4 Neutrophils
	5.5 ECM

	6 Therapy
	6.1 Immunotherapy
	6.2 Targeted therapy
	6.3 Chemotherapy
	6.4 Other treatments

	7 Summary
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


