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Abstract

Metastasis, a process that requires tumor cell dissemination followed by tumor growth, is the 

primary cause of death in cancer patients. An essential step of tumor cell dissemination is 

intravasation, a process by which tumor cells cross the blood vessel endothelium and disseminate 

to distant sites. Studying this process is of utmost importance given that intravasation in the 

primary tumor, as well as the secondary and tertiary metastases, is the key step in the systemic 

spread of tumor cells, and that this process continues even after removal of the primary tumor. 

High-resolution intravital imaging of the tumor microenvironment of breast carcinoma has 

revealed that tumor cell intravasation exclusively occurs at doorways, termed “Tumor 

MicroEnvironment of Metastasis” (TMEM), composed of three different cell types: a Tie2high/

VEGFhigh perivascular macrophage, a Mena overexpressing tumor cell, and an endothelial cell, all 

in direct contact. In this review article, we discuss the interactions between these cell types, the 

subsequent signaling events which lead to tumor cell intravasation, and the role of invadopodia in 

supporting tumor cell invasion and dissemination. We end our review by discussing how the 

knowledge acquired from the use of intravital imaging is now leading to new clinical trials 

targeting tumor cell dissemination and preventing metastatic progression.

Correspondence to: Lucia Borriello; David Entenberg; John S. Condeelis.

Authorship
L.B, D.E, and J.S.C. conceived the idea of the manuscript; L.B, G.S.K, C.D., A.C., M.H.O., D.E., J.S.C., wrote the manuscript; L.B. 
and D.E. designed the illustrations; all authors approved the final form of the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Eur J Cell Biol. Author manuscript; available in PMC 2021 August 01.

Published in final edited form as:
Eur J Cell Biol. 2020 August ; 99(6): 151098. doi:10.1016/j.ejcb.2020.151098.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Metastasis; Intravasation; Dissemination; Tumor Microenvironment; MenaINV; Invadopodia; 
TMEM Doorways; Intravital Imaging

Introduction

Despite significant advances in understanding tumor progression, metastatic disease remains 

the major cause of death in cancer patients. The traditional view of metastatic progression, 

framed by the Paget’s 126-year-old “seed-and-soil” hypothesis (1), is that circulating tumor 

cells (CTCs, the “seed”) detach from the primary tumor, enter into the circulation, and 

disseminate from the primary tumor to secondary sites (the “soil”) that are favorable for 

colonization: supporting extravasation, survival, and growth of secondary tumors. However, 

the recent development of new scientific methods and technologies, including intravital 

imaging, has challenged the implicit view that metastasis is a uni-directional process. For 

instance, it has been demonstrated that CTCs can disseminate in multiple directions, seeding 

not only to secondary sites, but also re-seeding primary site and seeding onward from the 

secondary to tertiary sites: a new metastatic model defined as “metastasis from metastases” 

(2–9).

However, it is becoming clear that tumor cells do not act alone in the process of 

dissemination, seeding, and metastasis, but instead interact with the extracellular matrix and 

the surrounding normal cells that constitute the tumor microenvironment (TME) (10–13). 

The TME includes several components. One such component is the set of ECM proteins 

(such as collagen, laminin, fibronectin, glycoproteins, and proteoglycans) that function as 

physical scaffolds for tissues and as sources of biochemical and biomechanical cues (14–

17). Another component consists of secreted soluble factors and micro-vesicles that mediate 

bi-directional communication between tumor and host cells. These factors not only facilitate 

the growth and survival of the tumor cells, but also serve as chemoattractants by enhancing 

the recruitment and migration of other cells into the TME (18–20). Yet another component 

consists of host cells that are present in the tumor such as fibroblasts, myofibroblasts, 

endothelial cells, pericytes, adipocytes, macrophages, myeloid cells, etc. (21–28). All these 

cells work in concert to maintain tissue homeostasis. However, as the disease progresses, the 

tumor can recruit a variety of stromal cells, such as endothelial cells, pericytes, adipocytes, 

fibroblasts, and mesenchymal stromal cells, as well as immune cells, such as monocytes, 

NK, leukocytes, from the surrounding microenvironment, and from the bone marrow, to 

promote tumor progression and accelerate metastasis.

The interactions between tumor cells and the TME, and their role in promoting tumor 

progression and metastasis, have been described extensively (29,30). In this regard, the 

contribution of tumor-associated macrophages (a major component of the TME) in 

regulating immune response, angiogenesis, and tumor growth has been well recognized (31–

37). However, less focus has been placed on the role of macrophages in tumor cell 

intravasation and dissemination, two crucial steps in the metastatic cascade (38). Part of the 

reason for this is the lack of tools which can allow the direct in vivo observation of, at single 
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cell resolution, the interaction between macrophages and tumor cells that leads to tumor cell 

intravasation at the primary site, or extravasation at secondary sites. Recently, high-

resolution intravital imaging of the murine breast TME has revealed dynamic heterotypic 

interactions (between tumor cells, macrophages, and other stromal cells) that mediate tumor 

cell intravasation and dissemination (39–42). These heterotypic interactions include: (i) the 

paracrine interaction between macrophages and tumor cells that is responsible for migration 

of tumor cells on collagen fibers towards the blood vasculature, a process known as tumor 

cell “streaming” migration (43–47); and (ii) the direct physical interaction between 

macrophages, tumor cells and endothelial cells, which is responsible for the assembly of the 

“Tumor MicroEnvironment of Metastasis” (TMEM) doorway, a stable portal into the 

vasculature that allows tumor cells to intravasate and disseminate to secondary, and possibly 

tertiary, sites (9,39,42,48–53). In this review, we will focus on describing the signaling and 

molecular mechanisms of TMEM doorways leading to tumor cell intravasation, and the role 

of invadopoda in orchestrating TMEM doorway assembly and tumor cell dissemination. 

Finally, this review will conclude with a brief description of a new therapeutic strategy 

aimed at preventing metastasis by directly targeting intravasation and dissemination.

MenaINV promotes Tumor Cell “Streaming” Migration with Macrophages 

toward Blood Vessels

To intravasate, tumor cells must detach from the primary tumor, migrate, cross the 

endothelium, and enter the circulation (54–56). A key event in promoting the migration of 

tumor cells and invasion of the vasculature is the epithelial-mesenchymal transition (EMT) 

program during which tumor cells down-regulate the epithelial cadherin proteins (E- or P-

cadherin) that are required for maintenance of the integrity of the epithelium, and up-

regulate mesenchymal cadherin proteins (N-cadherin) (57–60). These events lead to a 

subsequent disassembly of cell-cell adhesion junctions and the acquisition of a migratory 

and invasive phenotype through the reorganization of the actin cytoskeleton (59,61).

During EMT, Mammalian enabled (Mena), a member of the Enabled (Ena)/Vasodilator-

Stimulated Phosphoprotein (VASP) family which is involved in actin dynamics, cell 

adhesion, and motility (62–65), is alternatively spliced giving rise to different isoforms of 

Mena (66–69). Mena contains two highly conserved regions, an N-terminal EnaA/ASP 

Homology-1 (EVH-1) domain, and a C-terminal Ena/VASP Homology-2 (EVH-2) domain 

(67). The EVH-1 domain mediates protein-protein interactions important for Ena/VASP 

localization and regulation (62,63), while the EVH-2 domain mediates interactions with the 

G- and F-actin (70,71). As tumor cells undergo EMT, Mena11a, an isoform containing an 

additional 21 amino acids in the EVH-2 domain and which confers an epithelial phenotype, 

is down-regulated (Mena11alow) resulting in a loss of epithelial cohesion (72–74). Next, the 

direct contact between Mena11alow tumor cells and macrophages in the microenvironment 

of the primary tumor induces in the tumor cells an increase in overall Mena expression 

(panMena), including the isoforms Menaclassic and MenaINV (MenaINVhigh) which 

contains an additional 19 amino acids inserted in the EVH-1 domain (66,69). The Mena 

expression pattern Mena11alow and panMenahigh, also known as MenaCalc, has been shown 

to be prognostic for the development of metastatic diseases in some subsets of breast cancer 
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patients (75,76). Overexpression of the MenaINVhigh isoform confers to tumor cells a 50 

fold increased sensitivity to gradients of Epidermal Growth Factor (EGF) and Hepatocyte 

Growth Factor (HGF) (77) secreted by the surrounding cells. This is accomplished by 

sequestering Protein Tyrosine Phosphatase 1B (PTB1B) away from the receptor tyrosine 

kinases (77–79) and results in a highly migratory and invasive tumor cell phenotype (73,80). 

The enhanced sensitivity to chemotactic growth factors (by 25-50 fold) enables 

MenaINVhigh tumor cells to increase cell protrusion and migrate along with macrophages on 

collagen fibers (blue line in the Fig 1A, left panel) toward an HGF-secreting endothelial cell 

generated gradient, a process known as multicellular “streaming” migration (Fig. 1A and 
1B, left panels) (42–47). The multicellular streaming migration consists of a co-migration 

of MenaINVhigh tumor cells and macrophages, without cell-cell contacts, on collagen fibers 

toward the blood vasculature. At the molecular level, this co-migration is coordinated by an 

EGF - Colony Stimulating Factor 1 (CSF1) paracrine loop (81,82). In this loop, tumor cells 

secrete CSF1, which attracts CSF1 receptor (CSF1R)-expressing macrophages toward them 

and stimulates the macrophages to secrete EGF (82). In turn, the EGF increases the 

migration of EGF receptor (EGFR)-expressing tumor cells, which respond by migrating 

towards the macrophages and secreting more CSF1 (77,81–85). These events lead to a 

chemotactic axis in which the EGF/CSF1 signals are amplified from one cell to the next and 

keep macrophages and MenaINVhigh tumor cells in close proximity. However, while EGF/

CSF1 signals between macrophages and MenaINVhigh tumor cells mediates pairing and 

streaming, HGF/C-Met signaling attracts tumor cells towards blood vessels (86) and TMEM 

associated blood vessels in particular (39,42). MenaINV expression drastically increases the 

sensitivity of the c-Met receptor in tumor cells to its HGF ligand, leading to a directional 

migration of tumor cells along with macrophages towards blood vessels (86) where they 

intravasate at TMEM doorways (42,51,52). The essential role of the paracrine EGF/CSF1 

loop and the HGF/C-Met signaling were confirmed by the fact that a genetic or 

pharmacological ablation of either EGF or CSF1, or pharmacological inhibition of the c-Met 

receptor significantly impairs migration of both cell types and blocks tumor cell streaming 

and metastasis in in vivo models (47,81,82,84,86). Furthermore, macrophage depletion by 

genetic ablation in transgenic mice (Csf1op/Csf1op) (39,81), or by systemic treatment with 

clodronate liposomes (39,43), leads to a significant decrease of streaming motility.

MenaINV is important for Invadopodium Formation.

Once tumor cells reach blood vessels by streaming migration with macrophages, they must 

enter the blood space to travel to distant organs. This process, called “transendothelial 

migration”, requires tumor cells to penetrate the basement membrane and the endothelial 

barrier surrounding blood vessels. Invadopodia are F-actin-rich specialized protrusions that 

degrade extracellular matrix and are required for transendothelial migration of tumor cells 

through TMEM doorways during tumor cell intravasation (87,88). MenaINVhigh expression 

is critical for the formation of mature invadopodia during transendothelial migration 

(50,88,89). Mechanistically, invadopodium formation requires the recruitment of cofilin, 

neural Wiskott-Aldrich syndrome protein (N-WASP), and the Actin-related protein 2/3 

(ARP2/3) complex (90–93). Various extracellular stimuli including EGF, cofilin, and N-

WASP induce the rapid actin polymerization required for membrane protrusion by activating 
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the actin nucleation activity of the Arp2/3 complex (88,94,95). Both cofilin and N-WASP 

have been shown to initially activate Arp2/3 in the invadopodium precursor core (88,96). 

Finally, invadopodium maturation is associated with an actin polymerization causing 

protrusion elongation, matrix metalloproteinase (MMP) recruitment, and ECM degradation 

(88,97). The MenaINVhigh expression stimulates invadopodial assembly and function in 

tumor cells by enhancing the phosphorylation of cortactin at tyrosine 421, a well-known 

regulatory step in tumor cell invasion (98). Specifically, MenaINVhigh expression inhibits 

dephosphorylation of cortactin by displacing PTP1B from the invadopodia (98). In 

preventing the localization of PTP1B to invadopodia, MenaINVhigh sensitizes tumor cells to 

a range of extracellular stimuli such the growth factors EGF and HGF (77) as well as ECM 

signals that promote invadopodial maturation (88). The role of Mena in tumor cell 

intravasation was demonstrated by genetic ablation of the Mena gene in a mouse model of 

spontaneous breast carcinoma which resulted in dramatically reduced CTCs and overall 

metastatic burden (99).

Invadopodia are important for TMEM Doorway Function.

Intravital microscopy studies have demonstrated that invadopodia are also important for 

transendothelial migration and vascular invasion (42,50,88,89), showing that TMEM-tumor 

cells use invadopodia to keep the doorways open, resulting in tumor cell intravasation of 

non-TMEM tumor cells (42,50,89). Juxtacrine interactions between macrophages and tumor 

cells in and around TMEM doorways result in Notch-Jagged signaling (red line in Fig. 1A, 

right panel) (89) and MenaINV-dependent invadopodium formation in the TMEM-tumor 

cell (Fig. 1B, right panel) (73,87,89). Indeed, pharmacological inhibition of the Notch 

pathway, or suppression of direct cell-cell contact, significantly reduced MenaINV 

expression in tumor cells (50,89).

TMEM Doorways in the Primary Tumor Are Sites of Tumor Cell Intravasation 

and Dissemination to Secondary Sites.

Direct imaging of intravasation sites in breast tumors has demonstrated that tumor cell 

intravasation does not occur in the stroma surrounding the tumors, nor randomly along the 

tumor associated vasculature, but is instead restricted to within the tumor nests (100) and 

occurs exclusively at TMEM doorways (42,50,53). Given the location of these doorways, 

and to distinguish them from TMEM doorways located in secondary sites, we have in this 

review termed TMEM in the primary tumor as P-TMEM doorways, and those at secondary 

sites (such as the lung and lymph nodes) as S-TMEM doorways.

The P-TMEM perivascular macrophages are Tie2high (42), originate from a committed bone 

marrow-derived monocyte lineage, and are capable of transdifferentiating into M2-like, 

noninflammatory macrophages (101–103). Macrophage depletion strategies have recently 

provided insight in the kinetics of macrophage recruitment and homing into the perivascular 

niche, and at TMEM in particular (104). Specifically, it was shown that peripheral 

monocytes expressing the chemotactic receptor CCR2 are recruited in the tumor 

microenvironment through increased intratumoral expression of CCL2 (104,105). Once 

CCR2+ monocytes infiltrate the tumor parenchyma, they transdifferentiate into 
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macrophages, migrate towards hypoxic areas away from blood vessels, and start expressing 

the chemokine receptor CXCR4 (104), possibly under the control of TGF-beta (104,106). 

This newly-generated CXCR4+ macrophage subpopulation becomes responsive to CXCL12 

chemotactic gradients (generated by the blood vascular endothelium and perivascular 

fibroblasts (104,107,108) and migrates towards the perivascular niche where it subsequently 

assembles P-TMEM doorways with a Mena expressing tumor cell and an endothelial cell 

(104).

It has recently been demonstrated that the opening of P-TMEM doorways depends on the 

release of VEGF from the Tie2high perivascular macrophage, which in turn causes a local 

disruption of the underlying endothelial-specific junction proteins Zonula Occludens-1 

(ZO-1) and Vascular-Endothelial Cadherin (VE-CAD) (42). This disruption results in a 

transient opening of the endothelial wall during which MenaINVhigh migrating tumor cells 

are able to intravasate, enter into the blood circulation, and disseminate to secondary sites 

(Fig. 1A, right panel) (42). During transendothelial migration of tumor cells, the P-TMEM-

associated tumor cell and the P-TMEM-associated macrophage neither migrate nor 

intravasate, but rather remain affixed to the endothelium and define a site of vascular 

weakness exploited by other dissemination competent tumor cells (42,104). The opening of 

a P-TMEM doorway can be directly visualized (in real time, using multiphoton microscopy 

in live tissue) as the localized transient leakage into the interstitial space of an 

intravascularly injected high-molecular weight fluorescently labeled dextran dye that is 

otherwise incapable of perfusing from normal or even angiogenic vessels (Fig. 1C, middle 
panel) (42,53,109,110). The critical role of Tie2high/VEGFhigh perivascular macrophages in 

the activity of P-TMEM doorways was demonstrated by the fact that conditional ablation of 

either macrophages themselves in PyMT transgenic mice, or VEGF specifically within the 

monocyte/macrophage lineage in FVB mice, dramatically inhibits P-TMEM function, and 

consequently, tumor cell intravasation and CTCs (42,81).

Importantly, the P-TMEM doorways have also been identified in primary tumors resected 

from human breast cancer patients using a triple immunostain identifying Mena-

overexpressing tumor cells, macrophages, and endothelial cells, all in direct contact (Fig. 

1D). Scoring of P-TMEM counts within these paraffin-embedded samples has been shown 

to be prognostic for the development of distant metastasis in patients (49,51,52,111) and 

clinical validation of P-TMEM doorways as a prognostic maker is discussed in the “P-

TMEM Doorways in Human Breast Carcinoma: A Prognostic Marker for Risk of Distant 

Recurrence” section below.

TMEM Doorways at Secondary Sites Are Sources of Tumor Cell Re-

Intravasation and Re-Dissemination to Tertiary Sites.

The dynamic interaction between macrophages, tumor cells, and endothelial cells has also 

been reported in the microenvironment of the metastatic (secondary) site, defined here as S-

TMEM doorways. TMEM doorways have been identified in samples of metastatic sites (the 

lung) taken from mouse models of breast cancer as well as human patients (112). In 
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addition, TMEM doorways have been identified in association with angiogenic blood vessels 

within metastatic lymph node tumor cell nests (113).

High-resolution intravital imaging of lung metastasis in live mice has revealed that S-TMEM 

doorways are indeed active. The activity of S-TMEM doorways has been demonstrated by 

the visualization, in live tissue, of the transient permeability and leakage of vascular contents 

into the interstitium, identical to that observed in P-TMEM (112). The presence of 

functional S-TMEM doorways in lung metastases indicates that dissemination of tumor cells 

may also occur from secondary sites, allowing tumor cells to re-intravasate, enter the blood 

circulation, seed back to the primary tumor, and/or re-disseminate to tertiary sites.

Together, the findings in lung and lymph nodes indicate that TMEM doorways are a 

universal mechanism for tumor cell dissemination that is not restricted solely to the primary 

tumor microenvironment, but additionally implicated in tumor cell re-dissemination from 

metastatic sites. The clinical observation that CTCs can be found in the blood of patients 

years or decades after the removal of their primary tumor (114,115) may thus be a result of 

S-TMEM doorways allowing metastatic tumor cells to continually disseminate into the 

blood circulation, supporting a new model of metastasis where tumor cells disseminate not 

only from primary to secondary sites, but, but rather multi-directionally.

P-TMEM Doorways in Human Breast Carcinoma: A Prognostic 

Invadopodium Associated Marker of Risk of Recurrence

As previously mentioned, P-TMEM doorways have been identified not only in mouse, but 

also in human breast carcinoma, and many studies have been conducted to assess the 

prognostic ability of TMEM for risk of recurrence (49,51,52,111). In a first-retrospective 

study, a case-control analysis was performed on 30 patients who developed distant 

metastasis and 30 matched patients who did not (49). P-TMEM density was not correlated 

with tumor size or grade, lymph node metastasis, lymphovascular invasion, nor hormone 

receptor status. However, P-TMEM density was significantly greater in the group of patients 

who developed distant metastases compared to the patients who did not In a second-

retrospective study, a case-control analysis was performed in a cohort of 250 matched pairs 

(51). Case patients were women who subsequently developed metastasis and were matched 

(1:1) with control subjects who did not developed distant recurrence. TMEM density within 

the highest tertile was associated with increased risk of distant metastasis in patients with 

ER+ / HER2– breast cancer (51,111).

The P-TMEM score (also known as MetaSite Score) has now been clinically validated in ER

+/HER2– breast cancer, making TMEM the first ever biomarker specifically for metastasis, 

and it gives complimentary information regarding distant recurrence in patients with low 

OncotypeDx score (111). Clinically, patients who have high P-TMEM score would 

presumably need to be monitored very closely, even after resection of the primary tumor, as 

they have a high risk of tumor cell dissemination to the secondary site that could 

subsequently re-disseminate via S-TMEM doorways to tertiary sites. These patients would 

thus be candidates for a combination treatment containing chemo- or other targeted therapies 

(to suppress the growth of tumor cells) and drugs designed to “seal” the TMEM doorways 
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and prevent dissemination. A discussion of this therapeutic strategy to block tumor cell 

dissemination is presented below in the “Sealing the Doorways to Tumor Cells: Therapeutic 

Strategy” section.

Sealing the Doorways to Tumor Cells: Therapeutic Strategy

The identification of TMEM doorways both in the primary tumor and at secondary sites 

clearly indicates that TMEM is a common mechanism of tumor cell dissemination from all 

metastatic sites. Therefore, a pharmacological inhibition capable of “sealing” the TMEM 

doorways and blocking dissemination is a promising therapeutic strategy to eliminate CTCs 

and prevent metastatic progression.

As previously discussed, TMEM-dependent vascular permeability is mediated by VEGF 

released from the TMEM-bound Tie2high/VEGFhigh macrophages. We have previously 

shown that macrophage specific depletion of VEGFA reduces transient vascular 

permeability and circulating tumor cells (42). However, while anti-angiogenic treatments 

targeting VEGF (such as bevacizumab and other VEGFA pathway inhibitors) have shown 

efficacy in decreasing tumor angiogenesis and disease burden in both the preclinical and 

clinical settings (116,117), it has been demonstrated that cancer patients develop therapeutic 

resistance (118). One of the mechanisms of tumor resistance (or recurrence after anti-

angiogenic therapy) has been attributed to tumor-infiltrating myeloid cells in response to cell 

death and hypoxia after vascular regression (118). Therefore, Tie2 has become an attractive 

pharmacological target for the suppression of tumor dissemination. In fact, a small molecule 

inhibitor of Tie2 signaling, rebastinib, was recently shown to be useful for this purpose 

(53,119). Rebastinib, a selective inhibitor of the Tie2 receptor tyrosine kinase that has pico-

molar affinity, inhibits kinase activity by an allosteric “switch pocket control” mechanism 

and prevents Tie2high macrophages from inducing TMEM-dependent vascular permeability 

and cancer cell dissemination (53,119). A pre-clinical study demonstrated that rebastinib 

blocks TMEM function in both mouse models of spontaneous breast carcinoma and 

pancreatic neuroendocrine carcinoma, resulting in reduced vascular permeability and tumor 

cell intravasation, and decreased CTCs in the blood (119). In addition, the combination of 

rebastinib with paclitaxel significantly increased the overall survival of paclitaxel-treated 

mice when compared to mice treated with chemotherapy alone, even after resection of the 

primary tumor. The increased survival after primary tumor resection demonstrates that 

rebastinib is capable of blocking tumor cell re-dissemination from metastatic sites and shows 

that rebastinib has clinical utility, even after surgical removal of the primary tumor. 

Furthermore, the observation that rebastinib specifically inhibits TMEM-dependent 

intravasation and dissemination has been confirmed using breast cancer patient-derived 

xenografts (53).

Based on these pre-clinical studies, rebastinib has been approved for several clinical trials, 

including a phase 1b trial in women with metastatic breast cancer (NCT02824575) where 

the safety profile of rebastanib in combination with anti-tubulin therapy (paclitaxel or 

eribulin) is being evaluated along with its efficacy on preventing tumor cell dissemination 

(determined by measuring the levels of CTCs). Two other multi-center phase 1b/2 clinical 

trials are testing the safety profiles of rebastinib in combination with carboplatin 
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(NCT03717415) and paclitaxel (NCT03601897) in patients with locally advanced or 

metastatic solid tumors; specifically, breast cancer, ovarian cancer, mesothelioma, and 

endometrial cancer.

It is becoming increasingly clear that classic chemotherapy treatments that aim to reduce 

tumor growth need to be combined with treatments aimed at blocking dissemination from all 

metastatic sites to effectively block metastatic progression (120–122). Such a therapeutic 

combination is believed to be capable of efficiently eradicating minimal residual disease and 

prevent metastatic relapse. Indeed, early results of the clinical trials are revealing promising 

results with dramatic reductions in CTCs observed in many patients (123).

Conclusion

Despite the progress that has been made in cancer therapeutics, metastatic disease remains 

the main cause of cancer-related deaths. Metastasis, defined as the growth of secondary 

tumors at distant sites, is the endpoint of a dynamic and complex series of events that begins 

with the growth of a primary tumor, is followed by intravasation and dissemination of motile 

tumor cells, and ends with the growth of a secondary tumor. Most studies of metastasis to 

date have focused on the steps that occur after extravasation at the secondary site (i.e. growth 

of the secondary tumor). As such, current therapeutic strategies have been designed to target 

only the growth of primary and/or secondary tumors. However, tumor cell dissemination and 

growth are not always linked (124). For instance, clinical studies have found CTCs in the 

blood of patients years or decades after the removal of their primary tumor (125–128) 

indicating that the systematic dissemination of tumor cells from secondary metastatic sites 

regularly continues, even when the primary tumor has been removed. Nevertheless, 

intravasation and dissemination have been less studied, in part due to a lack of methods that 

allow the direct observation of these processes in vivo in real time.

Recently, advances in technology, including high-resolution multiphoton intravital imaging 

of breast tumors, have provided unparalleled insight into the mechanisms of cell migration 

and the interactions of tumor cells with their surrounding microenvironment during 

intravasation. Intravital imaging of the breast tumor microenvironment has led to the 

discovery of: 1) the paracrine interaction between tumor cells and macrophages; 2) the role 

macrophages play in assisting the migration of tumor cells towards blood vessels; 3) how the 

direct interaction between macrophages, tumor cells, and endothelial cells leads to the 

assembly of TMEM doorways; and 4) the involvement of invadopodia in TMEM doorway 

function as an essential step in intravasation.

Interestingly, the identification of functional TMEM doorways, not only in primary tumors 

but also in secondary metastatic sites, demonstrates that TMEM doorways are not restricted 

solely to the primary tumor microenvironment but are additionally implicated in tumor cell 

re-dissemination from metastatic sites. This indicates that TMEM doorways are a common 

mechanism of tumor cell dissemination, present at all tumor sites and during all stages of 

breast cancer progression, supporting the concept that it is “never too late” to block 

dissemination and to treat metastatic patients. Currently, TMEM score, the first biomarker of 

metastasis, is clinically validated as a biomarker for prognostication of metastatic risk in 
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breast cancer patients. As we are rapidly entering the era of precision medicine for cancer 

treatment where biomarkers are used to determine the first-line treatment for cancer patients, 

it is crucial to continue to develop additional reliable metastasis specific biomarkers that can 

be used to determine optimal treatments for these patients.
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Figure 1. The structure and function of TMEM Doorway.
A. Left. Streaming migration. Mena expressing tumor cells (green) and macrophages 

(cyan) pair utilizing a CSF1/ EGF paracrine loop and migrate uni-directionally along 

collagen 1 fibers (blue line) towards endothelial cells that attract tumor cells by secreting 

HGF. Right. TMEM Assembly & Function. A Tie2high/VEGFhigh perivascular macrophage 

interacts via Jagged with the Notch receptor on the tumor cell (red line) thereby leading to 

invadopodium formation that degrades the basement membrane surrounding the endothelial 

cells. Secretion of VEGF by the macrophage destabilizes the vascular junction, induces 

transient vascular permeability (shown as extravasation of contrast agent from the 

vasculature, pink) and enables the trans-endothelial migration of tumor cells from the 

neighboring stream. B. Left. Three-dimensional reconstruction of time-lapse intravital 

imaging data showing a tumor cell (green) and a macrophage (cyan) streaming along 

collagen 1 fibers (blue line) toward the blood vessel (red). Right. A later time point showing 

the three cell types stably bound together forming a TMEM doorway (vertices of yellow 

triangle indicate positions of the three cell types). The TMEM-tumor cell’s invadopodium is 

inserted between two endothelial cells of the blood vessel to create a site of vascular 

weakness and intravasation. Scale bar, 50 μm. C. Stills from a time lapse movie showing 

TMEM activity and tumor cell intravasation. At time t=0’ a TMEM doorway can be 

observed (yellow triangle). At time t=15’, leakage of the red blood serum marker (155 kDa 

dextran-TMR) and intravasation of green tumor cells can be observed. Finally, at t=35’ 

leakage from the vasculature ceases, indicating that the vascular permeability is transient and 

regulated. Scale bar, 50 μm. D. Immunostaining of a formaline fixed, paraffin embedded 

section of murine primary tumor for TMEM doorways. The black box, in the left panel, 

indicates one TMEM doorway, which is magnified in the right panel to show the three 

constituent cells of TMEM. A Mena over-expressing tumor cell (pink), a macrophage 
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(brown) and a blood vessel endothelial cell (Blue) in direct contact (yellow triangle) form 

the TMEM doorway.
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