
 

 

 

ABSTRACT 

 

ALLEN, TYLER ALEXANDER. Cancer and Stem Cell Extravasation through Angiopellosis. 

(Under the direction of Dr. Ke Cheng and Dr. Jeffrey A. Yoder). 

 

Cardiovascular disease, including myocardial infarction (MI), remains one of the most 

common causes of death in western society. Stem cell therapies have shown immense potential 

for the treatment of MI. However, there are currently limited methods for introducing stem cells 

to damaged heart tissue, with one promising method involves infusing stem cells directly into 

cardiac vessels allowing the cells to extravasate/transmigrate across the blood vessel wall into 

the target tissue for repair. Although such transmigration does occur, an understanding of this 

process remains elusive. Here, we characterize the method of extravasation these cells utilize to 

exit blood vessels.  

First, we used a transgenic zebrafish embryo model and intravital microscopy to elucidate 

how stem cells exit vessels when injected into the circulation. The stem cells, once injected, 

underwent a distinct method of extravasation that was markedly different from native cells found 

in the blood stream, such as leukocytes. In this unreported mechanism, the vascular wall 

undergoes an extensive remodeling to allow the cell to exit the lumen, while the cell itself 

remains distinctively passive in activity. We termed this new cell extravasation process as 

Angio-pello-sis (Angio = related to blood vessels; pello = expel). Both individual cells as well as 

multicellular clusters were able to utilize this process to extravasate, pointing to a potential 

means for circulating tumor clusters to extravasate. 

Next, we focused on the leading cause of cancer-related deaths worldwide – metastasis. 

A key step in the metastasis process involves circulating tumor cells exiting the circulation and 

forming secondary tumors. The exact process tumor cells use to extravasate vessels, remains 

poorly understood, and it is currently unknown if tumor cells possess the ability to utilize 



 

 

 

angiopellosis to extravasate. Here, we discovered tumor cells possess the ability to utilize the 

angiopellosis method to exit vessels and form tumors.  

 Accumulating data suggests metastatic primary tumor cells disseminate through the 

circulation as multicellular clusters. Although tumor clusters correlate to increased secondary 

tumor formation, the mechanism clusters use to exit circulation remains largely unknown. We 

hypothesized that tumor cell clusters were able to exit blood vessels without first dissociating. 

We discovered circulating tumor cells possess the ability to exit blood vessels while maintaining 

a multicellular phenotype, through angiopellosis, challenging the hypothesis that circulating 

tumor cell clusters must first disassociate to exit blood vessels. 

Additionally, we found that cervical (HeLa) and melanoma (B16F10) tumor cells which 

extravasate as multicellular clusters through angiopellosis exhibit an augmented ability to 

proliferate while individually-extravasating cells remain dormant. Furthermore, we established 

that melanoma tumor cell clusters tail-vein injected into murine circulation, induced increased 

metastatic lung foci, suggesting this method of extravasation and proliferation behavior is 

conserved in mammals. The results suggest angiopellosis as the prevailing method of 

extravasation used by both infused stem cells and metastatic circulating tumor cells, and the 

results of these studies have implications for both stem cell and cancer metastasis therapies.  
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CHAPTER 1 - Introduction 

1.1 Cellular Extravasation 

Extravasation is a process in which an object (in this description, a cell), that is within the 

lumen of a blood vessel, transmigrates through the endothelium into the perivascular region. 

When the term cell extravasation is used, this most commonly refers to the extravasation of 

leukocytes (white blood cells) through diapedesis.  This process involved multiple steps 

including 1) chemoattraction, 2) rolling adhesion, 3) tight adhesion, and 4) transmigration. This 

process has been extensively studied, and involved concerted interaction between selectins, 

integrins, and cytokines. Diapedesis is currently the only widely recognized method of cell 

extravasation, and it has been studied extensively.  

In diapedesis, migration through the vessel wall occurs through three barriers: the 

endothelial cell, the basement membrane and the pericyte sheath which surrounds the vessel. 

Penetration through the basement membrane takes longer than through the endothelium. Several 

factors such as chemoattractions, shear flow, and interaction with Intercellular Adhesion 

Molecule 1 (ICAM-1) and Vascular cell adhesion protein 1 (VCAM-1) may stimulate 

transendothelial migration1. Following adhesion, which is CD11a/CD18 dependent, neutrophils 

migrate on the endothelial cells to find preferential sites for transmigration in a process called 

intraluminal crawling and which is mediated by CD11b/CD182. This process is stimulated by 

chemoattractants that bind to proteoglycans (e.g. heparan sulfate, on the endothelial cells). 

Without a chemotactic stimulus which is held in place by proteoglycans, intraluminal crawling, 

and by extension leukocyte recruitment, is decreased3. The mechanism of transendothelial 

migration is not yet completely understood. The prevailing idea is that transmigration is a 

paracellular process (i.e. the leukocyte migrates through the endothelium by squeezing between 
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adjacent endothelial cells). However, transcellular migration has been suggested as an alternative 

path through the endothelial lining based on observations in both in vivo4 and in vitro models5. 

For example, there is in vitro evidence for the formation of “transmigratory cups” rich in ICAM-

1, VCAM-1, cytoplasmic proteins and cytoskeletal components that allow leukocytes to migrate 

through the endothelial cell5. However, supposedly this route is only taken by a small percentage 

of transmigrating cells and it uses similar junctional molecules as during paracellular migration1. 

 

1.2 Cardiovascular Diseases 
 

Ischemic heart disease remains the leading cause of death worldwide, affecting millions 

each year. In 2015, approximately 1 million Americans suffered from either new or recurrent 

myocardial infarction (MI), and the ones that survive will have a significantly increased chance of 

illness and death1. Following MI, a large portion 

of the heart forms scar tissue, and there are 

currently no therapies that can fully regenerate 

and restore the lost myocardium tissue13. The 

treatment options available include heart transplants, drugs to prevent further cardiac damage, and 

surgeries directly on the heart. However, heart transplants and surgery are extremely risky 

procedures and come with a bevy of potential problems is if the procedures are successful. 

Additionally, drugs prescribed to heart disease patients often elicit significant side effects and can 

lead to a multitude of addition problems. Due to these reasons, there is extensive research being 

done to develop safer and more effective treatments for cardiac disease, one wuch method being 

stem cell infusion therapy.  

Frequently used abbreviations 

CDC = cardiosphere-derived stem cells   

CSP = cardiospheres 

MI = myocardial infarction   

WBC = white blood cells  

PSP = inert polystyrene microspheres 
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1.3 Stem Cell infusion Therapies 
 

Stem cell therapy serves as one of the most promising methods for restoring lost function 

to the heart15. A specific population of heart-derived cells, cardiosphere-derived stem cells 

(CDCs), have been shown to be an effective treatment for various cardiomyopathies including 

myocardial infarction and dilated cardiomyopathy11. In the past decade there have been multiple 

projects which study the use of cardiosphere-derived stem cells (CDCs) for treating MI in both 

animal models and human trials8, 9, 14. 

One method to deliver stem cells, including CDCs, to the heart is through intravenous and 

intracoronary infusion, which allows for the bypassing of the risky open-heart surgery techniques 

widely used6. These methods have been used in numerous clinical trials and therapies to treat MI 

and other heart diseases14, 17, 18. While the regenerative properties of stem cells like CDCs are 

promising, delivery of the cells can be problematic19. During intracoronary injection, only ~10% 

of cells extravasate and enter damaged tissue and engraft21. Other routes, like intravenous infusion, 

have even lower cell retention20. For the cells to exert their effects, they must first cross the 

endothelial barrier of the blood vessel and enter the damaged tissue. The process of how infused 

stem cells extravasate, or exit blood vessels, has yet to be fully characterized. A better 

understanding of this process is essential for increasing the efficacy of stem cell infusion therapies 

for cardiac diseases. Any cells that fail to engraft suffer from the pulmonary first-pass effect in 

which cells are trapped in the pulmonary vasculature19, 20, 21. Molecules involved in the migration 

of stem cells have been previously studied, and their alteration can increase the ability of stem 

cells to reach damaged/inflamed tissue22, 23. However, the exact method stem cells use to 

extravasate has yet to be fully characterized. A better understanding of this process will allow for 

an increase in the knowledge of the fundamental cell biology process of extravasation and allow 
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for further studies to find ways to augment the amount of therapeutic stem cells which reach 

damaged tissue in stem cell infusion therapy.  

 

1.4 Cancer Metastasis 

Cancer arises from mutations in normal cells, leading to abnormal cellular behavior and a 

myriad of potential problems, including metastasis38, 39. Cancer metastasis is the result of cells 

from a primary tumor entering the circulation and traveling to a distant region. These travelling 

cells are known as circulating tumor cells (CTCs) and can exit vessels into perivascular tissue 

and organs, leading to secondary tumors40. The process of metastasis is a multistep process that 

first involves cells from the primary tumor disassociating from the tumor, and intravasating into 

the circulation. Cancer cells can use Notch receptors to bind to Notch ligands on endothelial cells 

(ECs) and thereby transmigrate through the endothelial junctions; they can also secrete 

transforming growth factor β1 (TGFβ1), which induces the retraction of endothelial junctions41, 

42, 43. During transcellular intravasation, the Ca2+-calmodulin complex in an endothelial cell (EC) 

junction activates myosin light chain (MLC) kinase (MLCK) at the sites of cancer cell 

attachment, which leads to local phosphorylation of MLC and to actomyosin contraction44. In 

turn, this leads to rapid cytoskeletal and membrane remodeling, creating a transitory pore-like 

structure for the cancer cell to cross the EC. CTCs then travel through the circulation, 

extravasate, and colonize in a new area. Cancer metastasis accounts for most cancer-related 

deaths and is linked to poor patient prognosis45. There is an enormous body of research on 

metastasis and continuous efforts to enhance prevention therapies. However, a complete 

understanding of this process remains elusive.  
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1.5 Circulating Tumor Cell Extravasation 

A pivotal point in cancer metastasis is the extravasation of circulating tumor cells (CTC)s 

from the lumen of blood vessels into surrounding tissue/organs. Studies have shown that CTCs 

possess the ability to extravasate in a manner similar to leukocytes, through diapedesis-like 

extravasation, a process which involves a CTC tightly squeeze through junctions of the 

endothelial wall. This extravasation involves the specific interaction of cancer cells with vascular 

ECs via cell adhesion- and chemokine-related processes. During the process, cognate ligands or 

receptors are expressed on cancer cells and ECs which then leads to their specific adhesion46, 47, 

48. Cancer cells then transmigrate through the endothelial barrier via diapedesis. After this 

process, the cancer cells invade the basement membrane that surrounds the blood vessels49. 

Cancer cells can then enter a state of dormancy or proliferate within this new microenvironment, 

where a few of them will give rise to micrometastases and then macrometastases38, 40. However, 

most of the cancer cells that extravasate will not colonize these new tissues but will undergo cell 

death instead.  

Recently, there have been studies which suggest tumor cells possess the ability to travel 

through circulation and exit vessels differently than previously thought. Previously, it was 

believed tumor cells extravasated through only diapedesis-like mechanisms and could only 

squeeze through one at a time. However, accumulating data shows that tumor cells possess 

multiple methods to extravasate, and recent studies propose CTCs are able to seed distant 

metastatic sites as groups. However, the mechanism multiple CTCs use to exit vessels as a 

group, remains unclear.   
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1.6  Circulating Tumor Cell Clusters 

Circulating tumor cells (CTCs) are rare, and their ability to survive in circulation and 

form secondary tumors is low39. This ability is markedly increased when CTCs form 

multicellular groups, known as CTC clusters. CTC clusters are often detected during autopsy of 

cancer patients. The most common malignancies associated with development of CTC clusters 

are mucin-secreting adenocarcinomas originating in the breast, colon, lung, or stomach, as well 

as hepatocellular carcinoma, prostate cancer, choriocarcinoma, and renal cell carcinoma50. 

Although these clusters represent only 5% of all CTCs, they are linked to a 23- to 50-fold 

increase in ability to metastasize, and it is generally accepted that the presence of CTC clusters in 

the circulation is associated with poor clinical outcome39, 51.   

CTCs that travel as clusters have distinct survival advantages over individual CTCs, and 

there are several possibilities that could account for this. CTC clusters may preserve some of the 

crucial cell junctions and may be sufficient to suppress anoikis-related cell death39, 51. Beyond 

survival in the bloodstream, CTC clusters may also provide intercellular signals that may 

facilitate the outgrowth of cancer cells once lodged in distant organs. Mouse tumor modeling 

experiments have observed reduced apoptosis and more rapid proliferation of tagged cancer cells 

disseminated to the lung as clusters rather than single cells. In addition to cancer cells, virtually 

all CTC clusters are coated with platelets, and some may include adherent WBCs or even tumor-

derived fibroblasts or endothelial cells52, 53 The ability of CTC clusters to serve as ‘seeds 

bringing their own soil’ may further increase their ability to survive/proliferate at a distant site 

and contribute to their amplified metastatic potential54. 
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CHAPTER 2 – Angiopellosis as an Alternative Mechanism of Cell 

Extravasation 
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2.1 Introduction 
 

As a promising strategy of regenerative medicine, stem cells are injected intravenously 

directly into the blood flow with the intended goal of the cells transmigrating across the blood 

vessel wall into the target tissue for repair1, 2, 4. Although such transmigration of injected cells 

through the blood vessel does occur, the exact mechanism is poorly understood3, 4. It has been 
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postulated that the injected cells undergo a process similar to leukocytes/white blood cells 

(WBCs), termed diapedesis 5, 6. In this process, WBCs inside the lumen squeeze through the 

endothelial barrier of the blood vessel into the surrounding tissue11. However, there are several 

distinct differences between the extravasation potential of intravenously injected cells and native 

white blood cells. WBC diapedesis extravasation is a relatively fast process occurring within 

minutes of an immune response, whereas injected foreign cells have been reported to take hours 

to days to extravasate from inside the blood vessel lumen6, 3. Another difference lies in the 

WBCs innate ability to extravasate as part of an inflammation/immune system response, in 

contrast to the lack of innate extravasation need of cells that are foreign to the blood stream. 

Here we report a novel mechanism that non-leukocytic cells employ to extravasate when 

injected into the blood stream, which offers an alternative method complementing the prevailing 

diapedesis mechanism of extravasation. We have termed this extravasation process Angiopellosis 

(angio: relating to blood vessels; pello: push, drive out). This multi-step process (Fig. 1a) first 

involves the injected cells attaching to the endothelial lining of the vasculature after which the 

membrane projections of endothelial cells actively cover the foreign cells, prompting the 

expulsion of the injected cells into the surrounding tissue.  

Angiopellosis differs distinctly from diapedesis in that the extravasation process is being 

carried out mainly by the activity of the blood vessel endothelial cells, rather than the circulating 

cells within the lumen as with white blood cells7. Angiopellosis also contains a key temporal 

difference from leukocyte diapedeses, taking hours rather than minutes to complete.  

To elucidate the mechanism of cell extravasation we used a transgenic zebrafish line (Fig. 

1b), Tg(fli1a:EGFP), in which Green Fluorescence Protein (GFP) is expressed exclusively in 

blood vessels8. Multiple cell types, labeled with the red fluorescent dye DiI, were injected in the 
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blood stream of the transgenic fish embryo (Fig. 1b-α). The blood vessels with injected cells 

(Fig. 1b-β) were then imaged using lightsheet microscopy with 3D rendering capability (Fig. 1c). 

The lightsheet microscope allows for high resolution z-stack images to be taken while the 

embryo is submerged in a chamber for long (>16 hours) periods of time9. These images can be 

projected in three-dimensions to observe the exact location of cells in respect to blood vessels 

(Fig. 1d).  Typical diapedesis occurred in injected or endogenous leukocytes (Fig. 1e), while 

angiopellosis occurred in injected cardiac stem cells (CSCs) from human, canine, and rat origins. 

Angiopellosis was also observed in polymer microspheres coated with cardiac stem cell 

membrane but not in non-coated microspheres.  

To explore the molecular distinction between angiogenesis and diapedesis, we designed 

an experiment to inhibit a molecule that is required for diapedesis. CD11α is a 160-170 kD 

glycoprotein also known as αL integrin, or LFA-1 α chain. It is a member of the integrin family 

and forms a heterodimer with β2 integrin (CD18)32. CD11α is broadly expressed on WBCs as 

well as on mesenchymal stem cells (MSC) and cardiac cells and mediates intercellular adhesion 

and cellular activation30, 31. CD54 (ICAM-1), CD102 (ICAM-2), and CD50 (ICAM-3) are the 

ligands32. The antibody recognizes both activated and unactivated LFA-1 and inhibits the 

binding of LFA-1 to ICAM-1. The anti-CD11α antibody has been shown to inhibit the mixed 

lymphocyte reaction, leukocyte infiltration, and graft rejection32.  When integrin CD11α was 

inhibited using an anti-CD11α antibody, the cardiac stem cells (CSCs) and MSCs retained the 

ability to extravasate through angiopellosis, while WBCs lost the ability to undergo diapedesis. 

This suggests that although cell membrane recognition is needed for angiopellosis, the molecular 

signal differs distinctly from that of diapedesis.  
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2.2 Results 
 

Injected cardiac and mesenchymal stem cells undergo extravasation by angiopellosis 

Although there are prevailing beliefs that intravenously delivered cells leave the blood 

stream through diapedesis, as white blood cells do, evidence is lacking3. To uncover the 

extravasation mechanism we intravenously injected Tg(fli1a:EGFP) zebrafish embryos at 48 

hours post fertilization (hpf) with DiI-labelled cardiac stem cells (CSCs) and mesenchymal stem 

cells (MSCs) isolated from human (Fig2c), canine (Fig. 2b), and rat (Fig. 2a) tissue. After cell 

infusion, zebrafish embryos were screened for labelled cells that had entered the tail-area vessels 

(TAVs) (Fig. 1b-β), which has been previously reported to be a desirable location for vascular 

imaging in embryos8. CSCs and MSCs were observed to extravasate (Supplementary Movie 3, 4, 

& 19) with a multistep process: first, they became lodged in the vessels, then the adjacent 

endothelial cells of the blood vessel extended protrusions (Figs. 2a & b, white arrowheads) to 

surround the cell and form an endothelial pocket. Subsequently, the endothelial protrusions 

actively remove the cell from the lumen into the surrounding parenchyma cavities (Figs. 2a &b). 

This active vascular expulsion process eventually led to cell extravasation. We termed this 

process angiopellosis. To reveal the distinctions between angiopellosis and the conventional 

diapedesis, we isolated viable white blood cells from rat whole blood, labelled, and injected them 

into the blood stream of the fish embryos11. In contrast to CSCs and MSCs, white blood cells 

underwent typical diapedesis (Fig. 2e): first attaching to the vessel wall, and then squeezing 

through the endothelial barrier6. To confirm the rat WBCs were behaving similarly to the 

endogenous WBCs, we used another transgenic zebrafish line, Tg(mpeg1:EGFP), in which GFP 

is expressed in macrophages of the zebrafish12. Macrophages undergo extravasation through 

diapedesis. The Tg(mpeg1:EGFP) line was crossed with the Tg(fli1a:EGFP) line, to create a 
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double transgenic zebrafish line where GFP transgene expression was driven in both vasculature 

and macrophages simultaneously (Fig. 1e). Endogenous WBCs underwent diapedesis 

(Supplementary Movie 6) in the same manner as the injected rat WBCs, and within a comparable 

time frame (Fig. 2f). As a negative control, inert polymer microspheres did not undergo 

extravasation (Fig. 2g). 

 

Multiple CSCs undergo group extravasation in a single angiopellosis event 

Clusters of cardiac stem cells (CSCs) and mesenchymal stem cells (MSCs) were able to 

undergo group angiopellosis with the cluster of cells all extravasating simultaneously (Figs. 3a, 

3b, and 3c). In this case, several cells were lodged in the lumen, with a close proximity to each 

other. Subsequently, endothelial protrusions encapsulated the entire cell cluster, similar to how 

they would encapsulate a single CSC/MSC (Supplementary Movie 8, 9, &16). Once the covering 

of the cluster was completed, the cluster was deposited outside of the lumen into the surrounding 

tissue. In contrast, the diapedesis mechanism did not support group extravasation. Clustered 

WBCs would have one cell leave the cluster and extravasate by itself, or multiple WBCs would 

leave at the same time (Supplementary Movie 10), eliciting simultaneous but separate diapedesis 

events (Fig. 3d).  

 

Angiopellosis differs distinctly from diapedesis 

Angiopellosis differs strikingly from diapedesis both morphologically and temporally 

(Supplementary Movie 20)11. Angiopellosis elicited extensive vasculature activity (i.e. 

morphological changes of endothelial cells) during the extravasation process, in which 

endothelial cells actively extended membrane protrusions to encapsulate the foreign cells while 
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remodeling to form an endothelial pocket (Fig. 4a, red line). WBCs did not elicit significant 

vasculature activity while undergoing the diapedesis process ( the cells extravasated without 

inducing substantial physical change to the blood vessels) (Fig. 4a, blue line). The roundness of 

the injected cells during the extravasation process was also quantified. When undergoing 

angiopellosis, CSCs retained their round shape throughout the whole process (Fig. 4b, red line). 

In contrast, during diapedesis WBCs underwent extensive morphological change (Fig. 4b, blue 

line) as they squeeze through the junction of the endothelial cells. Control polymer microspheres 

retained their roundness throughout the entire time they were observed (Fig. 4b, black line). The 

extravasation efficiencies for angiopellosis or diapedesis were similar (Fig. 4c), although 

angiopellosis took significantly longer to occur as opposed to the relatively quick diapedesis 

process (Fig. 4d).  

 

Polymer microspheres coated with cell membrane can undergo extravasation by 

angiopellosis 

As shown in Fig. 2e, inert polymer spheres could not undergo extravasation. We then 

sought to determine if the angiopellosis type of extravasation was prompted by cell-cell 

interaction between the injected cells and the endothelial cells since polymer microspheres did 

not contain the cell membrane ligands as CSCs did. To test this hypothesis, we cloaked 

microspheres with rat CSC membrane (Fig. 5a). Fluorescent microscopy was used to confirm the 

efficient membrane cloaking onto the spheres (Fig. 5b). We then injected the coated 

microspheres into the blood stream of zebrafish and observed extravasation events in vivo using 

lightsheet microscopy. Unlike un-coated spheres (Fig. 5c) (Supplementary Movie 11), CSC 

membrane-coated polymer spheres were observed to undergo extravasation by angiopellosis 
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(Fig. 5d) (Supplementary Movie 12). The percentage of coated spheres that extravasated was 

similar to the amount of CSCs that underwent extravasation when injected (Fig. 5e). 

 

Angiopellosis does not depend on the same membrane molecule interaction as diapedesis  

To determine if angiopellosis extravasation was dependent on the same membrane 

molecule interaction as diapedesis, we inhibited the integrin CD11α of the injected cells prior to 

IV infusion. CD11α is an integrin that mediates cell adhesion and extravasation in diapedesis. 

Cardiac (Fig. 6a) and mesenchymal (Fig. 6b) stem cells retained the ability to undergo 

angiopellosis when CD11α was inhibited. Both single and cluster angiopellosis events were 

observed with CD11α inhibition (Supplementary Movies 14 & 15). In contrast, injected white 

blood cells (Fig. 6c) lost the ability to undergo diapedesis when CD11α was inhibited 

(Supplementary Movie 17 & 18). The percentage of CD11α-inhibited injected stem cells that 

were able to undergo angiopellosis remained similar to that of uninhibited cells, while the 

CD11α inhibition effectively prevented all WBCs from extravasating (Fig. 6d).  
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2.3 Discussion 
 

Our study uncovered a previously unreported mechanism of cell extravasation, which is 

distinct from the well characterized diapedesis process. Angiopellosis sheds light on the actual 

mechanism intravenously injected cells, which are not specialized for extravasation, use to exit 

the blood vessel lumen (Fig. 1a). The ability of this extravasation process to happen with cells 

injected from varying species (Figs. 2a & b; Figs. 3a & b) into the zebrafish model suggests a 

well conserved mechanism, which has been retained evolutionarily. The known similarity of 

genes involved in vasculature activity between zebrafish and mammals suggests this mechanism 

of extravasation also occurs in mammals13. Similarly, diapedesis was also observed with white 

blood cells (WBC) introduced from a different species in the foreign zebrafish model (Fig. 2e). 

This further represents the ability of WBCs to extravasate the blood system without an immune 

or inflammatory response being present, and also reinforces the notion that WBC motility is 

retained when introduced to different systems/species7. Since both foreign stem cells (Fig. 1a-c) 

and foreign WBCs (Fig. 2e) are able to extravasate from the fish blood stream, it can be 

concluded that an interaction within the blood vessel must prompt cells to exit the lumen if it is 

not advantageous for the cells to remain inside14.    

Once prompted to extravasate, the ability of injected stem cells to remain relatively round 

in morphology (Fig. 4b) while undergoing angiopellosis represents their ability to passively 

leave the blood vessel. Since the majority of the morphology change occurs within the 

endothelial cells of the blood vessel (Fig. 4a), it signifies the blood vessels themselves are 

actively removing the foreign cells from the lumen15. In contrast to angiopellosis, when WBCs 

undergo diapedesis, they have distinct morphological changes to form a stretched cell shape 

(Figs. 2e & f) to squeeze tightly through the endothelial cells of the vessel wall6. In contrast, 
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angiopellosis utilizes the endothelial cell’s ability to restructure, allowing the injected cells to 

only undergo a minimal amount of visible alteration to exit the blood vessel15. This key feature is 

likely what allows for extravasation events to occur across a wide range of non-leukocytic cell, 

which are not specialized for diapedesis and not native to the blood.    

Angiopellosis supports group extravasation while diapedesis does not. Unlike diapedesis, 

in which one white blood cell leaves per diapedesis event16, 6 (Fig. 3c), the angiopellosis process 

allows for several cells to leave simultaneously during a single angiopellosis event (Figs. 3a & 

b). This could be caused by the close proximity of the injected cells to one another, or perhaps 

the endothelial cells not being able to distinguish a cluster of cells from a single cell. Since it is 

the endothelial cells of the blood vessel that are actively being remodeled, the number of cells 

could be irrelevant, as long as their proximately and overall size allows them to become 

encapsulated by the endothelial protrusions. Tumor cells have been reported to have increased 

metastatic potential when circulating in clusters, and angiopellosis could present a potential 

method these clusters use to extravasate and invade distant tissues17, 22, 23.  

Strong temporal differences in the angiopellosis and diapedesis mechanisms further assist 

in the contrasting of their differences. Once the injected cells become lodged in the blood vessel 

lumen, the endothelial protrusions can take hours (Fig. 4d) to completely form around the cell(s) 

before the injected cells can be removed from the lumen. Certain intravenously infused stem 

cells are known to home to damaged tissue and seemingly actively seek out the site of the 

injury18, 26. The site of injury could be exuding signals that are recognized by the injected stem 

cells, which prompts them to attach to the blood vessel wall, which then stimulates the 

angiopellosis process to occur. Chemokines and their receptors have been reported as important 

mediators in the process of stem cell homing19. Another possibility is that signals on the injected 
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cell’s membrane are interacting with the receptors on the blood vessel endothelial cells, initiating 

the cells removal from the lumen. As a control, inert polymer microspheres did not elicit 

angiopellosis or extravasation (Fig. 5c). However, when the same microspheres were coated with 

the membrane of CSCs they could undergo extravasation by angiopellosis (Fig. 5d), suggesting 

angiopellosis relies on biological recognition on the cell membrane. 

When integrin CD11α is inhibited with an anti-CD11α antibody, WBCs (Fig. 6c) lose 

their ability to extravasate (Supplementary Movie 18), while stem cells (Figs. 6a & b) are still 

able to undergo extravasation by angiopellosis. CD11α is essential for cellular rolling and 

adhesion during diapedesis32. Interestingly, even after being stripped of their diapedesis ability 

WBCs were not able to utilize the angiopellosis mechanism to extravasate, suggesting that the 

mechanism of cellular recognition and endothelial wall attachment used during angiopellosis 

differs from that during diapedesis. These observations, coupled with the ability of microspheres 

coated with CSC membranes to angiopellose, delivers striking evidence that although cellular 

membrane recognition is involved in angiopellosis, the membrane molecules involved in 

angiopellosis are distinctly different from those involved in diapedesis. We propose that the 

endothelial cells of the blood vessel recognize a biological/cellular component(s) specific to 

certain cell types foreign to the blood stream, and prompts the angiopellosis event to occur. 

These cellular molecules could be exclusive to certain cell types (like stem and cancer cells), 

which would account for the inability of native red blood cells, and injected CD11α-inhibited 

WBCs from utilizing the angiopellosis mechanism to extravasate. Or perhaps, cells native to the 

blood stream have molecules/signals that serve as angiopellosis inhibitors, which prevents the 

attachment and vascular coating steps of angiopellosis.   
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The present work reported and characterized angiopellosis as a cell extravasation 

mechanism distinct from the conventional diapedesis (Table 1). Future directions for this 

research will involve elucidating the exact cellular signals/molecules required for angiopellosis 

initiation25. Once these signals/pathways are identified, we can then delve further into ways to 

modify the pathways and alter the ability of intravenously injected cells to exert their 

regenerative effects; this mechanism could also have implications for how cancer cells, and 

circulating tumor clusters extravasate and metastisize27, 28, 29.   
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2.4 Materials & Methods 
 

Animals  

All experiments involving live zebrafish and rats were performed in accordance with 

relevant institutional and national guidelines and regulations and were approved by the North 

Carolina State University Institutional Animal Care and Use Committee. The transgenic lines 

Tg(fli1a:EGFP) and Tg(mpeg1:EGFP) were used in this study20, 12. For the creation of the 

double transgenic Tg(fli1a:EGFP)/(mpeg1:EGFP), male Tg(fli1a:EGFP) individuals were mated 

with female Tg(mpeg1:EGFP) individuals. The resulting embryos were screened at 48 hpf for 

the expression of both transgenes, and double transgenic embryos were collected. In order to 

prevent pigmentation, 0.2 mM N-phenylthiourea (PTU; Sigma) was applied to embryos starting 

at 24 hpf. 

 

Isolation and culture of cardiac stem cells and mesenchymal stem cells. 

Human, rat, and canine cardiac stem cells (CSCs) were derived from human 

endomyocardial biopsies, Wistar-Kyoto rat hearts, and adult male canine hearts respectively. 

CSCs were generated using the cardiosphere method as previously described29. Rat adipose-

derived mesenchymal stem cells (MSCs) were derived from the same strain of rats as previously 

described and human adipose-derived MSC were derived using the previously published 

method33. Derived CSCs and MSCs were cultured in IMDM with 20% FBS media and passaged 

every 3-5 days. 
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Embryo preparation and cell implantation 

Dechorionized 48 hpf zebrafish embryos were anaesthetized with 0.004% tricaine 

(Sigma) and positioned on a 200 x 15 mm Petri dish coated with 3% agarose. Mammalian cells 

were trypsinized into single cell suspensions, resuspended in phosphate-buffered saline (PBS; 

Invitrogen), kept at room temperature before implantation and implanted within 2 hours. Cells 

were labelled with the fluorescent cell tracker DiI (Invitrogen) according to the manufacturer’s 

instructions. The cell suspension was loaded into borosilicate glass capillary needles (1 mm o.d. 

× 0.78 mm i.d.; World Precision Instruments) and the injections were performed using a PV830 

Pneumatic Pico pump and a manipulator (WPI). 50–100 cells, or 10-15 μm microspheres (Bangs 

Laboratory), were injected at approximately 50 μM above the ventral end of the duct of Cuvier 

where it opens into the heart. The approximate injection parameters were: injection pressure=300 

p.s.i., holding pressure=10 p.s.i., injection time=0.2 mseconds. Injected mammalian cells could 

normally be seen entering the vasculature 15-30 minutes after injection and starting to arrest in 

the TAVs 1-2 hours after injection. After implantation with mammalian cells, zebrafish embryos 

(including non-implanted controls) were maintained at 28 °C. Normally, cell injected embryos 

were euthanized at the end of experiments (~72 hpf) by tricaine overdose. For each cell line or 

condition, data are representative of ≥ three independent experiments, with ≥5 embryos/group. 

Experiments were discarded when the survival rate of the control group was < 80%. 

White Blood Cell (leukocyte) Isolation 

White blood cells were isolated from fresh whole blood samples. Sprague Dawley Crl:SD 

(Charles River) rats were used for the collection of < 5 ml of whole blood. Briefly, the whole 

blood was transferred into a new 9 mL EDTA-treated tubes (Greiner-Bio-One), to prevent 

coagulation. The whole blood was layered onto histopaque 1083 (Sigma) and centrifuged at 1700 
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rpm for 30 minutes. The mononuclear cell layer was recovered and spun at 1300 rpm for 10 

minutes. Cells were labelled with the fluorescent cell tracker DiI (Invitrogen) according to the 

manufacturer’s instructions. Cells were injected within 2 hours after isolation.  

Zebrafish Preparation and Microscopy 

For live imaging in the light-sheet microscope, 48 hpf zebrafish embryos were 

anaesthetized using 0.016% tricaine (Sigma) and then were embedded in 1.3% low-melting-

temperature agarose (Sigma; prepared in filtered fish facility water) inside a glass capillary 

(1.5/2.0-mm inner/outer diameter, 20-mm length (Zeiss). The larvae were centered in the 

capillary and oriented. After gel formation, the section of the agarose cylinder containing the tail 

of the embryo was extruded from the capillary by inserting wax into the capillary on the side 

opposite to the fish. The sample chamber of the light-sheet microscope was filled with filtered 

fish facility water, and the capillary was inserted for imaging. Specimens were maintained at 28 

°C throughout the imaging period. Fluorescent image acquisition was performed using a Zeiss 

Lightsheet Z.1. Z-stacks were processed for maximum intensity projections with Zeiss ZEN 

software. For timelapse (4D) images, zstacks were taken every 5-15 minutes for a total time of 

up to 24 hours with a step number between 50 and 200 and step size of 0.3-2.0 μm. Images were 

adjusted for brightness and contrast using Zeiss ZEN Software. Confirmation of injected cell 

migration from inside of the lumen to surrounding tissue was done using the Zeiss ZEN software 

3D retendering capability (Supplementary Movie 13). Cell roundness and vascular activity was 

measured using ImageJ software.  
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Creation of Cell Membrane-Coated Microspheres 

FluoSphere Polystyrene microspheres (Life Technologies) were used.  To prepare the 

cardiac stem cell (CSC) membrane-coated microspheres, DiO (Sigma)-labelled CSCs went 

through three freeze/thaw cycles. After which, the disrupted CSCs were sonicated for 

approximately 5 minutes at room temperature along with the microspheres. After that, the 

microspheres were washed three times in PBS by centrifugation. Successful membrane coating 

was confirmed using fluorescence microscopy. 

Pretreatment of Injected Cells with anti-CD11α antibodies 

 Rat cardiac stem cells and rat adipose-derived MSCs were suspended in 5mL of cell 

media, and were treated with 5μL of Biolegend Purified anti-rat CD11a Antibody 

(Concentration: 0.5 mg/mL) for 1.5 hours. Cells were then labelled with the fluorescent cell 

tracker DiI (Invitrogen) according to the manufacturer’s instructions. White blood cells were 

isolated from fresh whole blood samples as previously stated. WBCs were suspended in 5mL of 

cell media, and were treated with 5μL of Biolegend Purified anti-rat CD11a Antibody 

(Concentration: 0.5 mg/mL) for 1.5 hours. Cells were then immediately injected into embryos as 

stated previously. The antibody recognizes both activated and unactivated LFA-1 and inhibits the 

binding of LFA-1 to ICAM-1. The antibody has been shown to inhibit the mixed lymphocyte 

reaction, leukocyte infiltration, and graft rejection32. 

Statistical analysis  

All statistical analysis was performed using Graphpad Prism 5 (Graphpad Software, La 

Jolla, CA). Two-sided -tests were performed for all analyses; ns, not significant (p > 0.05); P < 
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0.05 was considered significant and indicated with a single asterisk, and error bars represent 

standard deviation. Comparisons between two groups were performed using a student’s t–test.  
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Figure 1 Legend. Intravital imaging of zebrafish vasculature using light-sheet microscopy 

for visualization of cell extravasation. 

(a) Schematic illustration of angiopellosis in which endothelial cells extend protrusions around 

injected stem cells and actively expulse injected cell(s) into the parenchyma. Green cells 

represent green fluorescent protein (GFP)-expressing endothelial cells of the transgenic 

Tg(fli1a:EGFP) zebrafish embryo blood vessels; red cell represents injected stem cells; white 

arrow indicated blood flow. (b) Schematic illustration of cell injection in Tg(fli1a:EGFP) 

zebrafish embryos. (b-α) Region of injection (red box) and injected cells (arrow) in the cardiac 

region following the duct of cuvier of a 48 hpf zebrafish embryo; (b-β) Region of imaging in the 

tail-area vessels (TAVs) zone (red box). (c) Schematic showing the set-up of light-sheet 

microscopy. The living zebrafish is embedded in 1.3% agarose gel and positioned in front of the 

water-dipping detection lens. The sheet of light is generated by fast vertical scanning of a 

focused laser beam, and it illuminates a 4-μm-thick volume section of the fish. Fluorescence is 

recorded orthogonally to the light sheet with a wide-field detection arm equipped with a fast 

scientific complementary metal-oxide semiconductor camera. Fast volumetric imaging is 

performed by step-wise axial movement of the detection objective in synchrony with 

displacement of the light sheet while the specimen is kept stationary. (d) Three-dimensional 

rendering of z-stack images of the tail-area vessels (green) with injected cells (red).  (e) Tail-area 

vessel (TAV) region of a double transgenic zebrafish Tg(fli1a:EGFP)/(mpeg1:EGFP) embryo, 

in which GFP is expressed simultaneously in vasculature and macrophages. Arrows indicate 

macrophages expressing GFP. Scale bar = 50 μm. 
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Figure 2 Legend. Injected cardiac stem cells undergo extravasation by angiopellosis 

(a) Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows intravenously injected rat 

cardiac stem cell (red) after becoming lodged in the blood vessel (green); T=time in minutes. 

Gradual protrusions of the vascular endothelial cells can be seen remodeling around the injected 

stem cell (T=30, arrows). By 3.5 hour the stem cell has completely undergone angiopellosis, and 

is fully extravasated (T=210). Residual remodeling from the endothelial protrusions are still 

present and active up until 210 minutes after extravasation (T=60, T=210, arrows). (b) Time-

lapse imaging of canine cardiac stem cells (red) extravasating blood vessel (green). Vascular 

remodeling (T=100, arrows) can be seen actively interacting with the stem cell. Injected stem 

cell fully extravasates after approximately 250 minutes (T=250). (c) Time-lapse imaging of 

human mesenchymal stem cells (red) extravasating blood vessel (green). Vascular remodeling 

(T=100, arrows) can be seen actively interacting with the stem cell. Injected stem cell fully 

extravasates after approximately 535 minutes (T=535) (d) Time-lapse imaging of human rat stem 

cells (red) extravasating blood vessel (green). Vascular remodeling (T=205, arrows) can be seen 

actively interacting with the stem cell. Injected stem cell fully extravasates after approximately 6 

hours (T=360). (e) Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows 

intravenously injected rat white blood cell (red) undergoing diapedesis to extravasate out the 

zebrafish blood vessel (green). (f) Time-lapse imaging in double transgenic Tg(fli1a:EGFP)/ 

(mpeg1:EGFP), in which both vasculature and endogenous macrophages express GFP. Zebrafish 

embryos endogenous white blood cell (arrow) undergo diapedesis to extravasate blood vessel in 

characteristic manner. (g) Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows 

intravenously inert 8 μm polymer microspheres (yellow), the microsphere remains in the 

relatively same position over the course of approximately 300 minutes. Yellow dotted line 

represents the vascular wall of the blood vessel. V=vasculature lumen; P= parenchymal 

surrounding tissue. All scale bars = 20 μm. 
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Figure 3 Legend. Multiple CSCs undergo cluster extravasation in a single angiopellosis 

event 

(a) Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows intravenously (IV) injected 

rat cardiac stem cell (red) cluster lodged in the blood vessel (green); T=time in minutes. 

Clustered cells underwent extravasation with endothelial protrusions (arrows) extending around 

three injected cells, prompting vascular remodeling. (b) Time-lapse imaging shows IV injected 

human cardiac stem cell cluster; formation of endothelial protrusions occurs around 2 cells 

(T=250, arrows). This is proceeded by the injected cells exiting the blood vessel lumen into an 

intervascular pocket/cavity (T=300, arrows). (c) Time-lapse imaging shows IV injected rat 

mesenchymal stem cell cluster; formation of endothelial protrusions occurs around 3 cells 

(T=200, arrows). This is proceeded by the injected cells exiting the blood vessel lumen into an 

intervascular pocket/cavity (T=300). (d) Time-lapse imaging shows IV injected rat white blood 

cell cluster; cells exit lumen through diapedesis within 1 hour (T=50). Yellow dotted line 

represents the vascular wall of the blood vessel. V=vasculature lumen; P= parenchymal 

surrounding tissue. All scale bars =20 μm. 
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Figure 4 Legend. Morphological and temporal differences between angiopellosis and 

diapedesis  

(a) Quantification of the change in vascular activity (endothelial cell movement) during 

extravasation of injected cells was averaged from all respective extravasation events. Injected 

stem cells (red, n=40 injected cells, N=10 zebrafish) prompted an increase in vascular activity 

during the angiopellosis event, with levels peaking mid-process and returning to baseline after 

the completion of the extravasation. White blood cells (blue, n=10 injected cells, N=3 zebrafish) 

did not elicit significant vascular activity as they pass through the blood vessel while the 

endothelial cells remain mostly passive. Polymer microspheres (black, n=10 injected spheres, 

N=3 zebrafish), similarly did not elicit significant vascular activity and no extravasation 

happened. (b) Quantification of the roundness of injected cells during extravasation events. 

Injected stem cells (red, n=40 injected cells, n=10 zebrafish) remained round in morphology 

during the angiopellosis process. White blood cells (blue, n=10 injected cells, n=3 zebrafish) lost 

round shape as they squeezed through the endothelial cells, and returned to a more round shape 

once outside of the blood vessel. Polymer microspheres (black, n=10 injected spheres, n=3 

zebrafish) remained round but did not extravasate. (c) Percentage of either type of extravasation 

events was not significant. Angiopellosis data (red) was obtained from all zebrafish injected with 

CSCs (N=50 zebrafish) from different species and averaged together. Diapedesis data (blue) was 

obtained from the averaging all events of extravasation observed (n=3). (d) The time required for 

injected stem cells to extravasate through angiopellosis (red, n=40 extravasating cells, N=10 

zebrafish) after becoming lodged in vasculature was significantly longer than diapedesis of 

WBCs (blue, n=10 extravasating cells, N=3 zebrafish). Asterisk: P < 0.05 by two-tailed 

Student’s t-test.  
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Figure 5 Legend. Polymer microspheres coated with cell membrane can undergo 

extravasation by angiopellosis 

(a-b) Polymer microspheres were coated with the membranes of cardiac stem cells (CSCs) to 

create CSC membrane-coated microspheres. These microspheres were then injected 

intravenously into the zebrafish (48 hpf) and were observed for extravasation events. Successful 

membrane coating was confirmed using fluorescence microscopy. (c) Uncoated microspheres 

(yellow) moved through the blood vessels but did not extravasate at all. Scale bar = 20 μm. 

V=vasculature lumen; P= parenchymal surrounding tissue. (d) CSC membrane-coated 

microspheres were injected and observed to undergo extravasation through angiopellosis, in the 

same manner as the CSCs; scale bar 20μm. (e) The percentage of extravasation for both CSC 

membrane coated (n=3) and uncoated (n=10) microspheres was quantified. Asterisk:  P < 0.05, 

two-tailed Student’s t-test.  
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Figure 6 Legend. Angiopellosis is not dependent on integrin CD11α 

(a)  Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows intravenously injected rat 

cardiac stem cell (red) pretreated with anti-CD11α  antibodies. Images show cells after becoming 

lodged in the blood vessel (green); T=time in minutes. Gradual protrusions of the vascular 

endothelial cells can be seen remodeling around the injected stem cell (T=60, arrows). By 3 

hours the stem cell has completely undergone angiopellosis, and is fully extravasated (T=175). 

(b) Time-lapse imaging in Tg(fli1a:EGFP) zebrafish embryos shows intravenously (IV) injected 

rat mesenchymal stem cell (red) cluster pretreated with anti-CD11α antibodies. Images show 

cells lodged in the blood vessel (green); T=time in minutes. Clustered cells underwent 

extravasation with endothelial protrusions (arrows) extending around three injected cells, 

prompting vascular remodeling. (c) White blood cells (red) pretreated with anti-CD11α 

antibodies migrated inside the blood vessels but did not extravasate at all. Scale bar = 20μm. 

V=vasculature lumen; P= parenchymal surrounding tissue. (d) The percentage of both 

angiopellosis of stem cells and diapedesis of WBCs I.V. injected after treatment with anti- 

CD11α antibodies was quantified. Angiopellosis data (red) was obtained from all zebrafish 

injected with CSCs and MSCs (N=4 zebrafish) from different species and averaged together. 

Diapedesis data was obtained from the averaging all events of extravasation observed (n=8 

zebrafish). Scale bar = 20μm. Asterisk:  P < 0.05, two-tailed Student’s t-test.  
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Table 1 Legend. Key differences between Angiopellosis and Diapedesis extravasation. 

 

Table summarizing the main differences between the angiopellosis and diapedesis methods of 

cell extravasation. Time required for extravasation is the approximate amount of time cells 

required to fully undergo the respective extravasation events. Cell roundness during 

extravasation is refers to the roundness of cell during the respective extravasation events. Group 

extravasation refers to the potential of groups/clusters of cells to leave the blood vessel in a 

single extravasation. Vascular activity during extravasation refers to the amount of change in 

position and structure in the endothelial cells of the blood vessel during the respective 

extravasation events. Angiopellosis is still able to occur when CD11α is inhibited, while CD11α 

inhibition effectively prevents white blood cells from undergoing diapedesis.   

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



   

42 

 

CHAPTER 3 – Circulating Tumor Cells Possess the Ability to Exit Vessels 
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3.1 Introduction 
 

Cancer metastasis is the result of cells from a primary tumor entering the circulation and 

traveling to a distant region. These travelling cells are known as circulating tumor cells (CTCs) 

and can extravasate (exit vessels) into perivascular tissue and organs, leading to secondary tumor 

formation1,2. There is an enormous body of research on metastasis and continuous efforts to 

enhance prevention therapies. However, a complete understanding of this process remains 

elusive.  

A pivotal point in cancer metastasis is the extravasation of CTCs from the lumen of blood 

vessels into surrounding tissue/organs. Studies have shown CTCs possess the ability to 
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extravasate in a manner similar to leukocytes, through diapedesis-like extravasation. This 

extravasation involves the specific interaction of CTCs with vascular endothelial cells (ECs) via 

cell adhesion- and chemokine-related processes1,2. During the process, cognate ligands or 

receptors are expressed on cancer cells and ECs which then leads to their specific adhesion1, 2 ,9. 

The most popular hypothesis poses that CTCs transmigrate through the endothelial barrier via 

diapedesis. After this process, the cancer cells invade the basement membrane that surrounds the 

blood vessels3. Cancer cells either perish or then enter a state of dormancy or proliferate within 

this new microenvironment, where a few of them will give rise to micrometastases and then 

macrometastases1,3, 4. However, most of the cancer cells that extravasate will not colonize these 

new tissues but will undergo cell death and not successfully form tumors.  

Although CTCs are rare, and their ability to survive in circulation and form secondary 

tumors is low, this ability is markedly increased when CTCs form multicellular aggregates, 

known as CTC clusters5. Although these clusters are though only represent 5% of all CTCs, they 

are linked to a 23- to 50-fold increase in ability to metastasize, and it is generally accepted that 

the presence of CTC clusters in the circulation is associated with poor clinical outcome7, 8. 

An alternative mechanism of cell extravasation was recently identified, termed 

angiopellosis (AP)11. In this mechanism, non-leukocytic cells in the circulation interact with the 

endothelial cells lining the vessel and stimulate the ECs to actively restructure and extend 

protrusions which envelop circulating cells and expel them from the lumen into the surrounding 

tissue. Initially discovered to occur with infused therapeutic stem cells, it is unknown whether 

AP accounts for the extravasation of CTCs and CTC clusters. Additionally, current findings have 

identified that CTC clusters possess the ability to travel inside even small capillaries while 

maintaining cell-cell adherence to other cells of the cluster, challenging the premise CTC clusters 
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dissociate to when travelling to distant parts of the circulation through small vessels12. This led to 

the hypothesis that single CTCs and CTC clusters possess the ability to both travel in the 

circulation and extravasate via angiopellosis (AP). 

In this work, we test this hypothesis using timelapse intravital microscopy to characterize 

the extravasation of both single and clustered CTCs. Specifically, we employ the use of a 

transgenic zebrafish model with fluorescence-expressing blood vessels through the EC-specific 

fli1a promoter. To probe the interaction of the CTCs and ECs, we infused fluorescent tumor 

cells, human cervical (HeLa) and murine melanoma (B16F10) lines, and determined the varying 

extravasation methods employed to metastasize. 

 

3.2 Results 
 

Human cervical cancer cells possess ability to extravasate blood vessels through both 

angiopellosis and diapedesis 

 

We used intravital lightsheet microscopy to characterize the extravasation of tumor cells 

from blood vessels. Human cervical (HeLa) tumor cells, expressing red fluorescence protein 

(RFP), were infused directly into the circulation of tg(fli1:egfp) zebrafish, at the duct of cuvier, 

adjacent to the heart (fig.1a). Following infusion, HeLa cells were tracked in vivo, for up to 16 

hours, to document the extravasation events. We observed infused HeLa cells exit blood vessels 

(extravasate) through both the recently identified angiopellosis (AP) mechanism of 

extravasation, and the canonical diapedesis mechanism (fig. 1b). The AP method 

characteristically elicited remodeling of the endothelial cells (indicated by the yellow dotted line 

in fig. 1c). We also observed HeLa cells extravasating through the diapedesis method, which 

involved the penetration of a cell through the junctions between two endothelial cells (fig. 1g). 

On average, the HeLa cells required 136.5 minutes longer undergo a complete AP extravasation 
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event, compared to the cells undergoing diapedesis (p<0.01). The average duration for the AP 

extravasation events was 263.5 minutes, and for diapedesis was 127 minutes (fig. 1d). 

Interestingly, tumor cells which extravasated through diapedesis were only observed to exit as 

individual cells, even when travelling in circulation as clusters. The AP method was observed to 

allow for multiple cells, of up to 21, to exit vessels during a single extravasation event (fig. 1e).  

To better understand the morphological differences between angiopellosis and diapedesis, 

in HeLa cells, we quantified the vascular activity of vessels involved in the extravasation 

process. We found HeLa cells undergoing angiopellosis elicited increased vascular activity over 

time, in a bell-shaped curve, during the course of the extravasation event (fig 1f). Vascular 

activity was limited during the diapedesis extravasation events, further distinguishing the two 

methods. During the extravasation events, HeLa cells undergoing AP extravasation exhibited 

minimal change in circularity and maintained their shape throughout the process (fig 1h). HeLa 

cells underdoing diapedesis underwent distinct morphological changes during the transmigration 

through vessel wall and exhibited an hourglass shape while exiting (fig 1h).  

Although 20-30 HeLa cells were infused into the circulation per experiment, only 52.4% of cells 

in circulation extravasated into the surrounding tissue, with the others remaining inside the 

lumen (fig. 1i). Of interest, nearly 15 times more HeLa cells exited through angiopellosis 

(46.5%), than the diapedesis method (3.16%), suggesting AP as the dominating extravasation 

method for HeLa cells.  

 

Human cervical cancer and melanoma tumor cell clusters exit as multicellular aggregates 

through angiopellosis.  
 

To determine how circulating tumor cells (CTCs) exit vessels as multicellular clusters, 

we injected increased amounts of tumor cells (50-60) to stimulate cell clustering in circulation. 
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We observed HeLa cells both aggregate in vivo and successfully exit blood vessels, through 

angiopellosis, into the surrounding tissue and extravascular cavities (fig. 2a). This phenomenon 

was also observed in metastatic murine melanoma (B16F10) cells and primary tumor cells 

derived from an adult zebrafish (ZF3) cells (fig. d and h). 

Similar to the angiopellosis extravasation events observed in single tumor cells, the tumor 

cell clusters elicited increased vascular activity during the process (fig 2b). Although the 

percentage of single CTCs and clustered CTCs which extravasated was not significantly different 

(p=0.536), the duration of the AP extravasation events was significantly (p<.01) longer in CTC 

clusters (fig. b and c). Our observations not only show circulating tumor cell clusters possess the 

ability to exit through AP, but none were observed exiting through the diapedesis method while 

maintaining a multicellular phenotype. Single cells from CTC clusters did show the ability to 

separate from the cluster and extravasate through diapedesis alone.  

Next, we tested whether the known endothelial cell stimulator, vascular endothelial 

growth factor (VEFG), would affect the extravasation of CTCs in vivo. VEGF was orally 

administered to zebrafish at a concentration of 250ng/mL, preceding HeLa cell injection into the 

circulation. We observed tumor cells did not extravasate significantly more (p>.05) in treated 

embryos, but there was an increase in the amount of extravasation events involving multicellular 

clusters (fig 2. f and g). This suggests VEGF is involved in the restructuring of endothelial cells 

allowing the larger clusters to extravasate more efficiently.  

We also observed varying hemodynamic forces as the result of either clustered or single 

CTCs lodged in vessels (fig. 2j). Single CTCs were observed to effect velocity and shear stress in 

vessels, with both rates being significantly lower in comparison to vessels containing CTC 
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clusters or no cells (fig. 2k and l). Neither CTC clusters or single CTCs were observed to cause 

significant changes on the overall flow rate of the blood flow (fig. 2m).   

 

3.3 Discussion 
 

Although studies dating back to the 1900s discovered endothelial cells play an active role 

in circulating tumor cells (CTC) extravasation, only until recent has the theory of multiple cell 

extravasation methods become prevalent18, 19. The prevailing theory of tumor cell extravasation 

remains the diapedesis-like extravasation, and it has been widely accepted that cancer cells and 

leukocytes (white blood cells) share similar ability to activate endothelial cells (EC), attach to the 

endothelium, and transmigrate though the endothelial wall20, 21. The diapedesis method of 

extravasation was indeed observed to occur in the zebrafish model. However, previous studies 

utilizing advances in intravital imaging technology have shed light on differences shared 

between tumor cells and leukocyte transmigration and suggests the two processes rely on 

different molecules and endothelial cell interactions22, 23, 24. Another mechanism suggested by 

recent data involves the destruction of the vessel wall either due to rupturing of the wall from 

intravascular growth, allowing tumor cells to exit into the surrounding parenchymal tissue25, 26, 27. 

This type of extravasation was not observed in our model, suggesting this method may only 

occur with certain tumor cell types or in varying conditions not present in our model. The results 

of this study confirm certain tumor cells possess the ability to exit vessels in multiple 

mechanisms, but suggest CTCs preferentially use angiopellosis (AP) to exit vessels, both as a 

single cells and multicellular clusters.  

The AP mechanism was first discovered with the extravasation of adult stem cells, but it 

was hypothesized this mechanism could be used by multiple types of cells that were not native to 
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the circulation, like metastatic tumor cells12. A key characteristic of AP is the remodeling of the 

vascular wall in response to cells inside the lumen, which allows for cells to remain passive and 

still exit. This is in sharp contrast to the diapedesis extravasation mechanism which requires 

distinct reformation of the extravasating cell during the process, and concerted interplay between 

the cell(s) and endothelial wall. Beyond the morphological differences observed between AP and 

diapedesis of tumor cells, a significant temporal difference was also detected. Tumor cells 

undergoing AP, on average, took 263.5 minutes to complete the vascular remodeling process and 

successfully transmigrate from the lumen to the surrounding tissues (fig. 1d). This was nearly 

double the amount of time it took for cells undergoing diapedesis to extravasate completely. 

Although AP required more time to complete and elicited increased activity of vasculature, in 

our model tumor cells favored AP and rarely were observed to exit via diapedesis (fig. 1f and g). 

Potentially, only a small subset of tumor cells possesses the membrane properties to undergo 

diapedesis, but a larger subset possess the properties which allow AP. The exact molecules and 

pathways involved in the extravasation of tumor cells through diapedesis are poorly understood, 

so further investigation is warranted to better understand why tumor cells preferentially 

extravasate through AP. Of note, it has previously been reported AP relies on different molecules 

than diapedesis12. 

Similar to when AP was discovered to be used by certain stem cells, we observed that 

multicellular clusters of tumor cells were able to use AP to extravasate while maintaining 

adherence and structure. Zebrafish heart chambers are not large enough to allow pre-clustered 

tumor cells to successfully pass through at the embryonic stage. To stimulate the formation of 

clusters in vivo relatively high concentrations of tumor cells were infused into the circulation of 

the Tg(fli1a:EGFP) zebrafish embryos, and de novo clusters then formed in the circulation. 
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Timelapse lightsheet microscopy allowed for the visualization of these clusters utilizing AP to 

exit as groups (fig. 2a, d, and h). This phenomenon was observed with multiple different tumor 

cell types including, HeLa, B16F10, A375, and primary tumor cells derived from adult zebrafish. 

Regardless of the cell type, the AP event shared the same common characteristics including: 1) 

the cluster attaching to the lumen of the vessel, 2) the compacting of the cells of the cluster, 3) 

the endothelial wall restructuring around entire cluster, 4) expulsion of the cluster into the 

parenchymal tissue (fig. 2i). Our results show vascular endothelial growth factor (VEGF) orally 

administered to zebrafish increased the amount of HeLa CTC clusters which were observed to 

extravasate (fig. 2f). However, the overall amount of CTC extravasation through AP was not 

significantly different (fig. 2g). This suggests VEGF is a mediator in allowing for increased 

vascular activity required for larger CTC clusters to undergo AP, but that vessels potentially do 

not require as much stimulation for smaller clusters or single CTCs.   

HeLa cells which formed clusters in circulation effectively influenced the localized 

velocity and shear stress of blood. This was measured in vivo using 

Tg(fli1a:EGFP)/(GATA1:mcherry) zebrafish embryos, expressing contrasting fluorescence 

simultaneously in red blood cells (RBCs) and endothelial cells. This difference in hemodynamic 

forces caused by either single or clusters tumor cells did not correlate to a significant difference 

in the amount of extravasation (fig. 2e). This supports the established notion that mechanical 

entrapment alone in vessels and decreased blood flow at certain sites is not sufficient to 

significantly affect tumor extravasation29, 30 . However, we did observe certain cells of tumor 

clusters showing the ability to break off from the cluster and exit through diapedesis while the 

rest of the cluster did not extravasate and instead continued to circulate in the blood (fig. 1g).  
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3.4 Materials & Methods 
 

Animals  

All experiments involving live zebrafish and rats were performed in accordance with relevant 

institutional and national guidelines and regulations and were approved by the North Carolina 

State University Institutional Animal Care and Use Committee. The transgenic line 

Tg(fli1a:EGFP). In order to prevent pigmentation, 0.2 mM N-phenylthiourea (PTU; Sigma) was 

applied to all embryos starting at 24 hpf. 

 

Embryo preparation and tumor cell implantation 

Dechorionized 48 hpf zebrafish embryos were anaesthetized with 0.004% tricaine (Sigma) and 

positioned on a 200 x 15 mm Petri dish coated with 3% agarose. Mammalian cells were 

trypsinized into single cell suspensions, resuspended in phosphate-buffered saline (PBS; 

Invitrogen), kept at room temperature before implantation and implanted within 2 hours. Cells 

were labelled with the fluorescent cell tracker DiI (Invitrogen) according to the manufacturer’s 

instructions. The cell suspension was loaded into borosilicate glass capillary needles (1 mm o.d. 

× 0.78 mm i.d.; World Precision Instruments) and the injections were performed using a PV830 

Pneumatic Pico pump and a manipulator (WPI). 10-70 cells, were injected at approximately 50 

μM above the ventral end of the duct of Cuvier where it opens into the heart. The approximate 

injection parameters were: injection pressure=300 p.s.i., holding pressure=10 p.s.i., injection 

time=0.2 mseconds. Injected tumor cells could normally be seen entering the vasculature 15-30 

minutes after injection and starting to arrest in the vessels of the tail 1-2 hours after injection. 

After implantation with mammalian cells, zebrafish embryos (including non-implanted controls) 

were maintained at 32 °C. Normally, cell injected embryos were euthanized at the end of 
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experiments (~72 hpf) by tricaine overdose. For each cell line or condition, data are 

representative of ≥ three independent experiments, with ≥5 embryos/group. Experiments were 

discarded when the survival rate of the control group was < 80%.  

Zebrafish Preparation and Microscopy 

For live imaging in the light-sheet microscope, 48 hpf zebrafish embryos were anaesthetized 

using 0.016% tricaine (Sigma) and then were embedded in 1.3% low-melting-temperature 

agarose (Sigma; prepared in filtered fish facility water) inside a glass capillary (1.5/2.0-mm 

inner/outer diameter, 20-mm length (Zeiss). The embryos were centered in the capillary and 

oriented. After gel formation, the section of the agarose cylinder containing the tail of the 

embryo was extruded from the capillary by inserting wax into the capillary on the side opposite 

to the fish. The sample chamber of the light-sheet microscope was filled with filtered fish facility 

water, and the capillary was inserted for imaging. Specimens were maintained at 32 °C 

throughout the imaging period. Fluorescent image acquisition was performed using a Zeiss 

Lightsheet Z.1. Z-stacks were processed for maximum intensity projections with Zeiss ZEN 

software. For timelapse (4D) images, zstacks were taken every 5-15 minutes for a total time of 

up to 24 hours with a step number between 50 and 200 and step size of 0.3-2.0 μm. Images were 

adjusted for brightness and contrast using Zeiss ZEN Software. Confirmation of injected cell 

migration from inside of the lumen to surrounding tissue was done using the Zeiss ZEN software 

3D retendering capability. Cell roundness and vascular activity was measured using ImageJ 

software.  
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Cell culture 

Human HeLa cells (GenTarget Inc, USA) were cultured in IMDM/10% (v/v) fetal bovine 

serum/2 mM L-glutamine/100 U/ml penicillin/100 μg/ml streptomycin (all Life Technologies, 

Germany) at 37°C and 5% (v/v) CO2.  
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Figure 1 Legend. Human cervical cancer cells possess ability to extravasate blood vessels 

through both angiopellosis and diapedesis. A: Cartoon illustration of the injection of fluorescent 

tumor cells into the circulation of zebrafish embryos; scale bar = 200 um. B: Illustration of tumor 

cell (cyan) undergoing extavasastion of a blood vessel (red) though either angiopellosis or 

diapedesis. C: Representative timelapse images of HeLa cell (cyan) undergoing extravasation to 

exit blood vessels (red) through angiopellosis; yellow-dotted line indicates vascular remodeling; 

scale bar = 20um. D-F: Graph representation of the duration of the extravasation events, the 

number of cells which exited during each extravasation event, and the vascular activity of the 

vessel during extravasation; data is representative of n>4 for injected zebrafish, and n>30 for 

tumor cells (multiple extravasation events occur in each zebrafish). G: Representative timelapse 

images of HeLa cell (cyan) undergoing extravasation to exit blood vessels (red) through 

diapedesis; scale bar = 20um. H-J: Graphical representation of the circularity of tumor cells 

during the extravasation events, the percentage of cells which extravasated the vessels, and the 

percentage of cells which exited through angiopellosis or diapedesis. K: table summarizing key 

differences between the angiopellosis and diapedesis extravasation.  
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Figure 2 Legend. Human cervical cancer and melanoma tumor cell clusters exit as multicellular 

aggregates through angiopellosis. A: Representative timelapse images of HeLa cell cluster 

(cyan) undergoing extravasation to exit blood vessels (red) through angiopellosis; yellow-dotted 

line indicates vascular remodeling; scale bar = 20um. B-C: graphical representation of vascular 

activity of tumor cell clusters during the angiopellosis extravasation, and the duration of the 

events of CTC clusters and single CTCs. D: Representative timelapse images of B16F10 cell 

cluster (cyan) undergoing extravasation to exit blood vessels (red) through angiopellosis; yellow-

dotted line indicates vascular remodeling; scale bar = 20um. E: Graphical representation of the 

percentage of CTCs which exited as single cells of multicellular clusters. F-G: graphical 

representation of the percentage of CTC clusters which extravasated and the amount of 

angiopellosis events when zebrafish were treated with VEGF prior to cell infusion, n>5 

biological replicates, and n>10 extravasation events. H: Representative timelapse images of ZF3 

zebrafish primary tumor cell cluster (cyan) undergoing extravasation to exit blood vessels (red) 

through angiopellosis; yellow-dotted line indicates vascular remodeling; scale bar = 20um . I: 

Illustration of tumor cell cluster (cyan) undergoing extavasastion of a blood vessel (red) though 

angiopellosis; scale bar = 50um. J: Representative images of CTC cells (cyan) either a clusters 

or single cells inside blood vessel (red); the blood flow is indicated by the green arrow, and the 

red blood cells (RBCs) are yellow. K-M: graphical data of the velocity and sheer stress, and flow 

rate in zebrafish vessels with HeLa cell present or absent; n>3 events measured.  
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4.1 Introduction 
 

CTC clusters have distinct survival advantages over individual CTCs, and there are 

several possibilities that could account for this. CTC clusters have shown the ability to preserve 

some of the crucial cell junctions and may be sufficient to suppress anoikis-related cell death7, 8. 

Beyond survival in the bloodstream, CTC clusters also provide intercellular signals that facilitate 

the outgrowth of cancer cells once lodged in distant organs. Mouse tumor modeling experiments 

have observed reduced apoptosis and more rapid proliferation of tagged tumor cells disseminated 

to the lung as clusters, compared to non-clustered CTCs 7, 8. In addition to cancer cells, virtually 

all CTC clusters are coated with platelets, and some may include adherent WBCs or even tumor-
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derived fibroblasts or endothelial cells. The ability of CTC clusters to serve as “seeds bringing 

their own soil” has shown to further increase their ability to survive/proliferate at a distant site 

and contribute to their amplified metastatic potential. The specific factors which give CTC 

clusters this enhanced ability are not fully understood. 

 

4.1 Results 
 

Circulating tumor cells which exit vessels as clusters show augmented proliferation ability 

 

Although our data shows CTC clusters do not exhibit an increased ability to extravasate 

as compared to single CTCs (Fig 2; Chapter 3), it is known CTC clusters indicate poor patient 

outcomes. To further investigate the behavior of CTC clusters in vivo, we observed tumor cells 

following extravasation for 4 days. Strikingly, HeLa cells that extravasated as single cells 

through either AP or diapedesis did not show proliferation over the 4 days, but maintained their 

fluorescence, suggesting viability (fig 3a). However, HeLa and B16F10 tumor cells that exited as 

clusters (2+) through AP showed proliferation ability and tumor mass formation (fig. 1d and f). 

There was a steady increase of cell growth and tumor size, following extravasation of tumor 

clusters in both HeLa and B16f10 cells (fig. 1b). Of note, none of the tumor cells which 

extravasated as single cells through either AP or diapedesis were observed to proliferate over the 

course of 4 days, in comparison to 92.5% of CTC clusters showing proliferation following 

extravasation (fig 1c). This suggests tumor cells which exit as clusters not only have an increased 

ability to survive metastasis but maintain a distinct proliferation advantage when compared to 

single tumor cells (fig 1e). Additionally, RNA sequencing of B16F10 cells which extravasated as 

clusters through AP in zebrafish (termed B16MetZF cells) revealed differential expression of 

multiple genes linked to involvement in cell-adhesion including: Itgav, Adam22, Igfbp7, Adam9, 

Itgb1, and Mcam (fig. 1g). This suggests the subset of CTC clusters which are prone to 
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undergoing the angiopellosis process and extravasate are the subpopulations which are 

expressing differential levels of adhesion molecules.  

Next, we further studied the metastatic potential of the subset of CTCs which possessed 

the ability to exit through AP and successfully proliferate. The B16MetZF cell’s RNA expression 

of cell adhesion-related genes, led us to CTCs with certain gene expression would be more apt to 

undergo angiopellosis and form tumors, especially since attachment to the endothelium is part of 

the AP process and cell adhesion increases clustering.  We tested the metastatic potential of 

B16MetZF cells in comparison to B16F10 control cells, in a syngeneic mouse model. B16MetZF 

and B16F10 control cells were cultured for 1 week, and 7x105 non-clustered cells were 

intravenously infused into C57BL/6J mice through tail-vein infusion (fig 1h). After 10 days, we 

collected the lung tissue, and observed mice infused with B16MetZF cells showed significant 

(P<.05) increase in the number of metastatic nodules displayed in the lungs, in comparison to 

control B16f10 cells (fig. 1i and j). This suggests the differential gene expression found in 

B16MetZF cells contributes to their ability to undergo AP and metastasize.  

 

Melanoma cells cause increased metastatic tumor formation in lungs when infused as 

clusters 

To determine if melanoma CTC clusters were preferentially able to form metastases in a 

mammalian model, we cultured B16f10 cells in Corning® Ultra-Low attachment cell culture 

flasks, to induce artificial three-dimensional clustering of cells (termed B16F10-Clus). These 

clusters were intravenously infused in the tail-vein (TV) of C57BL/6J mice. B16F10 cells 

injected as clusters showed increased tumor formation in lungs, after 10 days (fig 4a and b). As a 

control, identical amounts of B16f10 cells were also cultured as clusters and dissociated through 

trypsinization immediately prior to TV injection (B16f10 Diss-Sing.). Additionally, B16f10 cells 



   

63 

 

grown as a monolayer on tissue culture treated flasks were infused as non-clustered controls 

(B16f10-Sing.). Both the dissociated clusters or single tumor cells showed significantly 

diminished metastatic lung formation (fig. 2b), in comparison to the B16f10-Clus group. Lung 

tumor nodules/masses in mice with tumor cells injected as clusters were observed to have 

relative larger size following histological examination following 17 days post infusion (fig. 2c).  

This suggests the tumor cells exiting as multicellular clusters exhibit a proliferation advantage in 

vivo as the clusters did not show increased proliferation in vitro (data not shown).  

We also observed equivalent results with human melanoma (A375) cells in NOD-scid 

IL2Rgnull (NSG) mice. A375 cells grown as 3D spheroids (A375 Clus) were TV infused into 

NSG mice, at an amount of 300,000, and showed increased ability to form tumors in comparison 

to cells grown as clusters and dissociated (A375-Diss Single) immediately prior to TV infusion 

of the same quantity (fig. 2e and f). Histological examination of the lung showed an increase in 

the size of tumors formed from tumor cell spheroids following 17 days post infusion (fig. 2h).  

 In addition to evaluating CTC cluster’s metastatic potential in vivo, we tested if tumor 

cells were actually extravasating through angiopellosis as multicellular clusters in mice as well. 

To test this, we infused fluorescent B16f10 cells clusters, consisting of approximately 300,000 

cells, via TV. Lung tissue was collected 8 hours post infusion (hpi), and immunohistochemistry 

was performed to identify extravasated/extravasating tumor cell clusters. The B16f10 clusters 

were observed in the lung tissue and displayed a multicellular phenotype and interaction with EC 

present in the lung tissue (fig. 2i). This suggests the angiopellosis phenomenon is also capable to 

occur in mammalian vessels and is the method CTC cluster utilize to exit/extravasate.  
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4.1 Discussion 
 

Interestingly, both HeLa and B16F10 cell, which were observed to extravasate through 

either diapedesis or AP as single cells, did not show proliferation after 96 hours of additional 

post-extravasation observation (fig. 3a and c). In contrast, tumor cells which exited as 

multicellular clusters all showed varying levels of proliferation over the course of 96 hours (fig 

3b and d). It is known metastasis is an inefficient process requiring multiple checkpoints to be 

passed for tumors to successfully form a secondary tumor, and these results suggests CTC 

clusters have specific advantages in this area. When B16F10 cells which extravasated through 

AP as clusters were isolated from zebrafish and cultured in vitro for at least a week, independent 

populations showed the unique upregulation of cell adhesion-related genes: Itgav, Adam22, 

Igfbp7, Adam9, Itgb1, and Mcam. This supports data which details certain populations of tumor 

cells with expression of high cell-adhesion molecules have an advantage in extravasating as 

clusters and ultimately forming secondary tumors31, 32 . Furthermore, when these zebrafish-

isolated B16f10 cells were introduced into C57BL/6J mice via tail-vein, they produced 

significantly more metastatic lung nodules (fig. 3i and j). This indicates certain tumor cells are 

more likely to undergo the AP process and these cells maintain this ability even when introduced 

into multiple biological environments, especially when possessing modified cell-adhesion 

expression.  

When B16F10 and A375 melanoma cells were cultured in three-dimensional (3D) 

spheroids/clusters and infused as clusters in C57BL/6J and NSG mice, respectively, they showed 

increased tumor formation in the lungs (fig. 2 a and e). Additionally, histological examination 

showed lungs of the mice infused with clusters contained metastatic masses with larger average 

size, in comparison to non-clustered cells which were infused at identical amounts (fig. 2 d and 
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h). This suggests the CTC clusters are able to extravasate, even in mammalian blood vessels, and 

reinforces previous studies which posit CTC clusters travel through the circulation and exit 

forming secondary tumors more efficiently, . Additionally, immunohistochemistry analysis of 

C57BL/6J lungs, 8 hours following infusion of B16F10 clusters, revealed tumor clusters were 

able to successfully extravasate vessels and were shown to already be in the lung tissue as 

clusters. This confirms clusters can indeed exit mammalian vessels without dissociation first and 

suggests angiopellosis as the primary mechanism used to achieve this, since a single tumor cell 

lacks the proliferation rate to divide into a multicellular population of more than 5 cells cluster in 

under 8 hours.  

 

 

4.1 Materials & Methods 
 

Animals  

All experiments involving live zebrafish and mice were performed in accordance with relevant 

institutional and national guidelines and regulations and were approved by the North Carolina 

State University Institutional Animal Care and Use Committee. For zebrafish, the transgenic 

lines Tg(fli1a:EGFP) and Tg(GATA1:mcherry) were used in this study. For the generation of the 

double transgenic Tg(fli1a:EGFP)/( GATA1:mcherry), male Tg(fli1a:EGFP) individuals were 

mated with female Tg(mpeg1:EGFP) individuals. The resulting embryos were screened at 48 hpf 

for the expression of both transgenes, and double transgenic embryos were collected. In order to 

prevent pigmentation, 0.2 mM N-phenylthiourea (PTU; Sigma) was applied to all embryos 

starting at 24 hpf. 

For mice, six-week-old female C57BL/6J (Jackson Laboratories)  or NOD-scid IL2Rgnull (NSG)  

(Jackson Laboratories) were used in this study, in accordance with the NC State University-
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approved animal care protocol. 200 µl (3 x 105 cells) of clustered or a single-cell suspension of 

firefly luciferase luminescence-expressing cells were injected into a lateral tail vein of the 

experimental animal. At least three identical experiments were performed for each experimental 

set-up.  

 

Embryo preparation and tumor cell implantation 

Dechorionized 48 hpf zebrafish embryos were anaesthetized with 0.004% tricaine (Sigma) and 

positioned on a 200 x 15 mm Petri dish coated with 3% agarose. Mammalian cells were 

trypsinized into single cell suspensions, resuspended in phosphate-buffered saline (PBS; 

Invitrogen), kept at room temperature before implantation and implanted within 2 hours. Cells 

were labelled with the fluorescent cell tracker DiI (Invitrogen) according to the manufacturer’s 

instructions. The cell suspension was loaded into borosilicate glass capillary needles (1 mm o.d. 

× 0.78 mm i.d.; World Precision Instruments) and the injections were performed using a PV830 

Pneumatic Pico pump and a manipulator (WPI). 10-70 cells, were injected at approximately 50 

μM above the ventral end of the duct of Cuvier where it opens into the heart. The approximate 

injection parameters were: injection pressure=300 p.s.i., holding pressure=10 p.s.i., injection 

time=0.2 mseconds. Injected tumor cells could normally be seen entering the vasculature 15-30 

minutes after injection and starting to arrest in the vessels of the tail 1-2 hours after injection. 

After implantation with mammalian cells, zebrafish embryos (including non-implanted controls) 

were maintained at 32 °C. Normally, cell injected embryos were euthanized at the end of 

experiments (~72 hpf) by tricaine overdose. For each cell line or condition, data are 

representative of ≥ three independent experiments, with ≥5 embryos/group. Experiments were 

discarded when the survival rate of the control group was < 80%.  
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Zebrafish Embryo Preparation and Microscopy 

For live imaging in the light-sheet microscope, 48 hpf zebrafish embryos were anaesthetized 

using 0.016% tricaine (Sigma) and then were embedded in 1.3% low-melting-temperature 

agarose (Sigma; prepared in filtered fish facility water) inside a glass capillary (1.5/2.0-mm 

inner/outer diameter, 20-mm length (Zeiss). The embryos were centered in the capillary and 

oriented. After gel formation, the section of the agarose cylinder containing the tail of the 

embryo was extruded from the capillary by inserting wax into the capillary on the side opposite 

to the fish. The sample chamber of the light-sheet microscope was filled with filtered fish facility 

water, and the capillary was inserted for imaging. Specimens were maintained at 32 °C 

throughout the imaging period. Fluorescent image acquisition was performed using a Zeiss 

Lightsheet Z.1. Z-stacks were processed for maximum intensity projections with Zeiss ZEN 

software. For timelapse (4D) images, zstacks were taken every 5-15 minutes for a total time of 

up to 24 hours with a step number between 50 and 200 and step size of 0.3-2.0 μm. Images were 

adjusted for brightness and contrast using Zeiss ZEN Software. Confirmation of injected cell 

migration from inside of the lumen to surrounding tissue was done using the Zeiss ZEN software 

3D retendering capability. Cell roundness and vascular activity was measured using ImageJ 

software. Vascular activity was measured by tracking multiple points of the fluorescent 

endothelial cells frame by frame and calculating the relative movement from one frame to 

another over time.  
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Cell culture 

Human HeLa cells (GenTarget Inc, USA), Murine B16-F10 melanoma cells (ATCC, USA), 

A375 human melanoma cells (ATCC, USA), and all other mammalian cell lines were cultured in 

IMDM/10% (v/v) fetal bovine serum/2 mM L-glutamine/100 U/ml penicillin/100 μg/ml 

streptomycin (all Life Technologies, Germany) at 37°C and 5% (v/v) CO2. Primary zebrafish 

tumors were cultured using L-15/10% (v/v) fetal calf serum/2 mM L-glutamine/100 U/ml 

penicillin/100 μg/ml streptomycin at 28°C. 

Isolation and Culturing of Injected Tumor Cells from Zebrafish Embryos  

 Embryos were transferred to phosphate-buffered saline (PBS) containing 50 U/mL penicillin 

(Gibco) and 0.05 mg/mL streptomycin (Gibco) (PBS/PS) for at least 15 min. The PBS/PS 

solution was refreshed once and individual embryos were transferred to a sterile tube (embryo + 

500 uL PBS/PS) for 5 minutes. Embryos were then tranferred to 200 uL of a 1% bleaching 

solution for 5 min. After replace the bleaching solution with PBS/PS immediately and incubating 

for 5 min, we spun down the embryos at 1200 g (rcf) for 2 min at room temperature and 

discarded the supernatant carefully. Next, we added 300 uL of TripLE (Gibco) and incubated for 

45 minutes at 37C in a thermomixer, while mixing at 800 rpm. Next, we pipetted the embryo- 

TripLE, with a 200-uL tip, several times up and down under sterile conditions (cell culture 

hood), centrifuge immediately (4 min, 1200 g at room temperature). We discard supernatant and 

resuspended with 400 uL PBS and centrifuge (4 min, 1200 g at room temperature). We 

resuspended the cell pellets in 200 uL growth media and transfer cell suspension to a 96-well 

plate (200ul of media per well).  
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Zebrafish Primary Tumor Cell Isolation and Culture Protocol 

The ZF3 primary tumors were isolated from adult zebrafish from the brca2hg5 and tp53zdf1 mutant 

zebrafish lines carrying the brca2Q658X and tp53M214K mutations, respectively, . Zebrafish were 

humanely euthanized with Tricaine methanesulfonate (300 mg/L) in system water buffered with 

Sodium Bicarbonate to a pH of ~ 7.0. We isolated the tumors and placed it immediately in 

chilled PBS. We place a 6mm piece of tumor in a sterile 100x20mm plate and added 5ml of PBS 

4. We then cut the sample into 2mm pieces and washed 3x with 5ml PBS. We incubated samples 

in 2ml Collagenase solution at 37 degrees Celsius for 5 minutes. We then added 2ml of L-15 

Media 15% FBS and cut samples with blade using a rolling method until we had 50 samples 

roughly 0.5mm in size. Then we placed 200uL/well of L15 media into 96-well plate, and added 

1-2 pieces of .5mm tumor into each well, allowing cells to attach and proliferate for several 

weeks. Once cells began to proliferate, we removed media and performed 1 PBS wash, and 

trypsinize them for 3-5 mins and added media. We then transferred the viable wells into a 6-well 

plate, with 2uL per well, and allowed cells to proliferate to confluency and then transfer to T-25 

flask. At this point, the cells were transfected with tagRFP fluorescence using the Amaxa™ 

Nucleofector™ II (Lonza) and used for extravastion studies in zebrafish embryos.  

RNAseq analysis.   

Total RNA was purified with miRNeasy extraction kit (Qiagen) according to the manufacturer 

guidelines from cell pellets. RNA quality was assessed on Bioanalyzer 2100 instrument using 

RNA 6000 Nano Kit (Agilent). mRNA-seq sequencing libraries were prepared from 1 µg 

purified RNA using Illumina's TruSeq Stranded mRNA Library Prep Kit. Deep sequencing was 

performed on a Nextseq500 sequencer (Illumina) using 75bp paired-end reads. Raw BCL (base 

call) files generated from NextSeq sequencer were converted to FASTQ files using bcl2fastq 
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Conversion Software v2.18. During BCL to FASTQ processing, bcl2fastq also separates 

multiplexed samples, removes adapters, trims low quality bases, and removes low quality reads. 

Raw RNA-seq data in FASTQ file format was quality controlled during and after sequencing to 

identify potential technical issues. Cleaned sequencing reads were then mapped to the mouse 

reference genome (assembly GRCm38, Gencode annotation release M15) using STAR to 

generate read counts for each of annotated genes. Gencode transcript annotations were supplied 

to facilitate the mapping of reads spanning known splicing junctions. The raw gene read count 

data was normalized using the voom approach. The differential expression analysis was 

performed using the linear model approach provided by the limma package17, 39. For the 

differential expression analysis, we kept only those genes with more than 30 raw read counts in 

at least two biological samples. The p-values for the coefficient/contrast of interest were adjusted 

for multiple testing the Benjamini and Hochberg's method, which controls the expected false 

discovery rate (FDR). The significance threshold for gene differential expression was defined as 

fold change greater than 2 and FDR less than 0.05.  

Analysis of Hemodynamic Forces in Circulation 

MATLAB was used to write a script that could load in a video file (with extension *.avi) and 

save the RGB color values of each frame of the video separately. Each separate RGB frame 

image was displayed and a single cell was tracked frame to frame by the user. The coordinates of 

the tracked cell were recorded in Excel. The distance traveled by the cell between frames was 

calculated using Equation 1. The velocity, 𝑣, of the cell was calculated by dividing the distance 

traveled by time elapsed between frames. The diameter of the vessel was measured from the 

respective video, and used to calculate the radius, 𝑅, for subsequent equations. Using the 

calculated velocity along with a blood viscosity, 𝜇, of approximately 0.005 𝑃𝑎 ⋅ 𝑠, shear stress, 
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𝜏, at the vessel wall was calculated using Equation 2. Flow rate, 𝑄, within the vessel was 

calculated using Equation 3. At least five different cells were tracked per video, and each cell 

was observed for at least five frames so that an average velocity, shear stress, and flow rate could 

be obtained for each cell and for each video.  

 

𝑑 = √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)2 Equation 1 

 

𝜏 =
4𝜇𝑣

𝑅
   

 Equation 2 

 

𝑄 = 𝜋𝑅2𝑣   

 Equation 3 

 

Statistical analysis  

All statistical analysis was performed using Graphpad Prism 7 (Graphpad Software, La Jolla, 

CA). Two-sided -tests were performed for all analyses; ns, not significant (p > 0.05); P < 

0.05 was considered significant and indicated with a single asterisk, and error bars represent 

standard deviation. Comparisons between two groups were performed using  
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Figure 1 Legend. Circulating tumor cells which exit vessels as cluster show augmented 

proliferation ability. A: Representative timelapse images of a single HeLa cell (cyan) following 

extravasation at 24 hours post injection, then an image of the same cell at 96 hours post injection. 

B: Graphical representation of the number of tumor cells due to proliferation following 

extravasation of either CTC clusters and single CTC; n=5. C: Representative timelapse images 

of a single HeLa cell cluster (cyan) following extravasation at 24 hours post injection, then an 

image of the same cell at 96 hours post injection. D: Illustration of either single or clustered 

tumor cell(s) (cyan) extavasasting of a blood vessel (red) and either remaining dormant or 

showing proliferation capability. E: Representative timelapse images of a single B16F10 cell 

cluster (cyan) following extravasation at 24 hours post injection, then an image of the same cell 

at 96 hours post injection. F: Heatmap showing the log-fold change of specific cell-adhesion 

related genes expressed in B16F10 clusters isolated from zebrafish embryos following 

extravasation and proliferation in vivo, compared to control B16F10 cells. G: Cartoon illustration 

detailing the injection of zebrafish with B16F10 cells, then isolating clusters which extravasated 

and proliferated, and then infusing them into C57BL/6J mice through tail-vein. H: representative 

C57BL/6J mouse lungs 7 days post infusion of either control B16F10 cells or B16F10MetZF 

cells, isolated from zebrafish embryos; SB=500um. I: graph representing the nodules counted on 

the respective mouse lungs; n=5.  
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Figure 2. Melanoma cells cause increased metastatic tumor formation in lungs when infused as 

clusters. A: Representative image of C57BL/6J mice imaged using bioluminescent imaging to 

determine the relative amount of metastasis in the lungs; mice received 300,000 B16F10-

luciferase cells cultured as clusters, cells cultured as clusters and dissociated prior to infusion, 

and cells cultured as non-clustered single cells (n>3). B-C: graph representing the 

bioluminescence counts of the tumors forming in the mice from the respective groups, and the 

diameter of the tumors from histological examination of the respective mice lungs. D: 

histological representative imaged of lung sections of C57BL/6J mice infused with 300,000 

B16F10 cells cultured as clusters, cells cultured as clusters and dissociated prior to infusion, and 

cells cultured as non-clustered single cells 17 days post infusion (dpi); scale bar = 1000um and 

100um.  E: Representative image of NSG mice imaged using bioluminescent imaging 15dpi to 

determine the relative amount of metastasis in the lungs; mice received 300,000 A375-luciferase 

cells cultured as clusters or cells cultured as clusters and dissociated to single cells prior to 

infusion. F-G: graph representing the bioluminescence counts of the tumors forming in the NSG 

mice from the respective groups, and the diameter of the tumors from histological examination 

of the respective mice lungs 17 days post infusion. H: representative histological (H&E) images 

of lung sections of NSG mice infused with 300,000 A375-luciferase cells cultured as clusters, 

and cells cultured as clusters and dissociated prior to infusion 17 days post infusion; scale bar = 

1000um and 100um. I: Immunohistochemistry sections of C57BL/6J mice lungs 8 hours post 

infusion of B16F10 clusters; staining is for endothelial cells using anti-Von Willebrand factor 

(vWF), and B16F10 cells using anti-Melanoma gp100 antibody; SB = 20 um. 
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CHAPTER 5 – Implications and Future Directions 

5.1 Implications on the Field 
 

Angiopellosis serves as a novel method of cellular extravasation, and its discovery and 

characterization has significant implications for the fields of cell biology, regenerative medical, 

and cancer biology. Currently, when adult stem cells are infused into patients, during stem cell 

infusion therapies, only a small percentage of cells successfully extravasate blood vessels and 

reach damaged tissue. The results here suggest angiopellosis as the primary method these stem 

cells utilize to exit vessels and reach damaged tissue. Establishing angiopellosis, not diapedesis, 

as the main extravasation method of stem cells will allow for therapies and future research to 

focus on augmenting angiopellosis to increase stem cells delivery.  

Additionally, the discovery of angiopellosis provides a starting point for further studies to 

decipher the exact molecules/pathways involved in this process. Although, the process of 

angiopellosis is distinct from diapedesis, it is speculated the process involves complex interplay 

of many components to occur. Since diapedesis is currently the only widely recognized method 

of cell extravasation, angiopellosis allows for established paradigms to be challenged in how not 

only stem cells exit but also how other non-leukocytic cells exit vessels. The findings that 

indicate several different cell types, that are not native to the circulation, possess the ability to 

use angiopellosis, 

This work also establishes angiopellosis as a method for tumor cell extravasation, during 

metastasis. It was known cancer/tumor cells possessed the ability to exit vessels through a 

diapedesis-like manner, but it was unclear if tumor cells could exit through angiopellosis. The 

data suggests not only do tumor cells utilize angiopellosis to exit vessels, but both cervical and 

melanoma cells lines show a preference for angiopellosis extravasation, compared to diapedesis 
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extravasation. This discovery sheds light on the extravasation step of metastasis which remains 

incompletely understood/characterized. These findings elevated the importance of the discovery 

of angiopellosis since it now means that an understanding of the process not only could increase 

the efficacy of stem cell therapies but could be key in developing novel therapies for the 

treatment of cancer metastasis.  

An important phenomenon and distinguishing component of angiopellosis was found to 

be the ability of the process to allow multiple cells to exit as aggregates/clusters. This was 

observed in both stem cells and tumor cells, but the implications for tumor cells was striking. As 

stated previously, circulating tumor cell (CTC) clusters, are known to be extremely metastatic 

populations. The exact reason why is still debated, but studies have shown CTC clusters account 

for a majority of all secondary tumor formations. This correlated with the results of our studies, 

which show CTC clusters can only exit vessels, while maintaining their multicellular phenotype, 

through angiopellosis. Furthermore, the CTCs which exit as clusters show both differential gene 

expression and augmented tumor formation abilities. Further studies are needed to better 

understand what specifically about clustered CTCs allows them to form tumors more efficiently 

once extravasated. I postulate the reason is because the adhesion of cells to additional cells of the 

same type allows the CTCs to more efficiently adapt to a new environment in the body, which is 

a luxury a single CTC is not privy to. There are several genes which are known to be regulated 

differentially when cells are in contact with other cells of the same type, and angiopellosis 

potentially allows CTCs to take advantage of this by helping them bring their own soil to the 

new location, making growth easier. Understanding how to prevent CTCs from exiting as 

clusters, or even preventing them from clustering altogether, remains an untapped avenue for 

cancer therapies in preventing metastasis that is now ready to be studied.  
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5.1 Future Directions 
 

The discovery of angiopellosis now warrants a deep delve into better understanding the 

biological process, especially since the implications are of immense importance in the medical 

field. Future studies will be needed to fill gaps in knowledge in regard to the process including 1) 

which cellular components prompt the angiopellosis process to occur, 2) why do certain cell 

types/populations utilize this method more efficiently, and 3) what pathways are involved on the 

endothelial cells of the vessels during this process, and 4) an extensive list of the cell types/lines 

that are able to utilize this process. 

To elucidate the specific molecules and pathways involved in the angiopellosis process, a 

number of approaches can be taken. A promising method to do this would be one which tracks 

infused cells in vivo and identifies cells which either exhibit the ability to undergo angiopellosis 

or cells which remain trapped in the vessel, and do not undergo angiopellosis. After 

identification of the populations, the cells could be isolated into the 2 groups, and further 

analysis could be done. This analysis could take the form of RNA-sequencing, qPCR, and 

western blotting to determine which specific genes/proteins are differentially expressed in cell 

which posses the ability to undergo angiopellosis.  

Another method would be to examine the angiopellosis extravasation potential of 

different cell populations to distinguish which populations utilize this process most efficiently. 

These populations could then be isolated and their genetic and protein profiles compared to 

identify discrepancies that would signify potential mediators of the angiopellosis process. The 

identified genes/molecules could then be further testing by doing gain and loss of functions 

studies, using RNA silencing and CRISPR/Cas9 technologies to either knockdown and 

dysregulate the target genes to identify their role in the process. 
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As referenced earlier, the endothelial cells of the vasculature also are known to play a 

significant role in diapedesis extravasation and have shown to elicit higher morphological change 

during angiopellosis, suggesting a potential larger role in this process. To fully understand 

angiopellosis, studies will need to be done to identify the molecules, proteins, and pathways 

involved on the side of the endothelial cells as well. To accomplish this, infused cells could be 

tracked and areas where these cells undergo angiopellosis could be identified. Then, the 

endothelial cells of these areas, which actively participated in angiopellosis, could be isolated 

and analyzed, in comparison to endothelial cells not having been involved in an angiopellosis 

event. The gene and protein expression of these specific endothelial cells would allow for targets 

to further study to better elucidate the complete angiopellosis mechanism. These targets could 

also be focused on in the development of drugs and small molecules to both augment the rates of 

angiopellosis during stem cell infusion therapies, and decrease the incidents of metastasis in 

cancer patients, saving countless lives.  
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APPENDICES 
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Figure App 1.1. This is an illustration of the overall hypothesis suggested by the data. It 

proposes circulating tumor cell clusters extravasate through angiopellosis, and those which do so 

as multicellular clusters have an increased propensity for tumor formation. This is known 

collectively as the Cancer Exodus Hypothesis. 
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Figure App 1.2. Immunohistochemistry and H&E sections of C57BL/6J mice lungs 8 hours post 

infusion of B16F10 clusters; staining is for endothelial cells using anti-Von Willebrand factor 

(vWF), and B16F10 cells using anti-Melanoma gp100 antibody; SB = 20 um. 

 


