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ABSTRACT 

Metastasis is the major cause of cancer related mortality, due to a poor understanding of 

the metastatic process and a subsequent lack of effective anti-metastatic therapies. 

Evidence from experimental studies and clinical trials has shown that aspirin reduces the 

incidence of distant metastases. It is well established that aspirin inhibits cyclooxygenase 

(COX)-1 and COX-2, triggering anti-thrombotic and anti-inflammatory effects, respectively. 

However, the mechanisms underlying the anti-metastatic effect of aspirin are still largely 

unknown.  

By using an experimental model of pulmonary metastasis, we have found that the anti-

metastatic effect of aspirin is associated with the inhibition of COX-1. In support of this, 

metastasis establishment was impaired in COX-1 deficient mice, suggesting a pivotal role 

of this isoform in the metastatic process. Looking in more detail into the metastatic 

cascade, we found that COX-1 contributes to the intravascular phase of metastasis and 

promotes the early persistence of tumour cells in the lung vasculature. In particular, COX-

1 inhibition decreased the interaction of platelets with tumour cells and was associated 

with the reduction of endothelial activation, of tumour cell adhesion to the endothelium, of 

recruitment of metastasis-promoting monocytes/macrophages and of transendothelial 

migration. We have identified platelet-derived thromboxane A2 (TXA2) as the main product 

of COX-1 responsible for its permissive effect on metastasis. Indeed, TXA2 delivered to 

mice in combination with aspirin was able to abrogate the anti-metastatic effect of aspirin. 

Taken together, our data suggest that the inhibition of COX-1:TXA2 axis by aspirin is 

sufficient to exert an anti-metastatic effect. In particular, the inhibition of platelet-derived 

TXA2 seems to affect multiple early steps of the haematogenous transit of tumour cells. In 

this perspective, TXA2 might represent a more selective therapeutic target for the 

prevention of metastasis.  
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1.1 METASTASIS  

The term “metastasis” (from the Greek ‘change in the state’) was used for the first time in 

1829 by the French gynaecologist JC Recamier to indicate the movement of tumour cells 

to the blood stream1. Nowadays, the definition of tumour metastasis is far more 

complicated and refers to the haematogenous or lymphatic dissemination of cells from the 

primary tumour to a secondary organ where they form tumour colonies, usually referred to 

as metastases or metastatic foci/tumours.  

Per se, metastasis is a very inefficient process because few tumour cells develop into 

metastasis. It has been estimated that millions of tumour cells detach form the primary 

tumour and enter the circulation every day, but only a small percentage of them, likely no 

more than 0.01%2, succeed in colonizing the host tissue3,4. The metastatic success of 

tumour cells depends on intrinsic and extrinsic factors5. On the one hand, the primary 

tumour is constituted by a genetically heterogeneous population of cells that are 

constantly selected by the tumour environment6, which eventually leads to the emergence 

of highly malignant or invasive cell variants7,8. These variant genetic makeups constitute 

the intrinsic factor that allows the survival in the circulation and the colonisation of a 

secondary organ. On the other hand, the tumour microenvironment of the host tissue 

influences the potential of colonising tumour cells to form a metastasis. The tumour 

stroma consists of endothelial cells, fibroblasts, immune cells and extracellular matrix and 

their interaction with tumour cells considerably influence the behaviour of invading cells, 

either stimulating or inhibiting metastasis development. Thus, the establishment of 

metastasis is a selective and adaptive rather than a random process1. 
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1.1.1 Metastasis organotropism 

Different cancer types show distinct organ tropism patterns. Two theories have been 

proposed to explain the selectivity of metastatic dissemination: the ‘anatomical and 

mechanical’ hypothesis and the ‘seed and soil’ hypothesis. The ‘anatomical and 

mechanical’ theory was proposed in 1858 by Virchow, who believed that metastatic 

tropism relied on the physical arrest or entrapment of tumour cells in the vasculature9. 

This theory was further supported 70 years later by Ewing, who noted how circulatory 

patterns determined the specificity of colonization10.  

The ‘anatomical and mechanical’ theory was first challenged in 1889 by the British 

surgeon Paget with his ’seed and soil’ theory. Paget noticed that breast cancer 

preferentially metastasized to specific organs although their blood supply was comparable 

to other organs, supporting the idea that spreading tumour cells (seeds) can grow only ‘if 

they fall on congenial soil’, distant organs with permissive features11. The ‘seed and soil’ 

theory has been confirmed by further experimental data, which demonstrated that the 

tissue-specificity of metastasis depends on both the genetic makeup of tumour cells, 

which are different intra- and inter-personally, and the molecular and cellular properties of 

the target stroma12-14. On the one hand, tumour cells possess specific gene signatures 

that allow their homing to the secondary site, such as the expression of matrix 

degradation enzymes, cytoskeleton remodelling factors and/or endothelium-adhesion 

molecules15,16. These features can be developed through spontaneous mutation in the 

primary tumour or induced by the microenvironment of the primary tumour or the blood 

circulation. On the other hand, the stroma provides signals that are necessary for 

metastasis. These signals can be released by the microenvironment of the primary 

tumour, such as transforming growth factor (TGF)-ß1 in breast cancer17, during tumour 

cell dissemination, like platelet-derived TGF-ß118, or at the metastatic site, such as MMP-

9 released from metastasis-associated macrophages and endothelial cells16. It is currently 

accepted that metastatic patterns may depend both on the ‘seed and soil’ and the 
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‘anatomical and mechanical’ theories: circulatory directions define the distribution of 

wandering cells but these cells can adhere only in compatible organs19. 

More recently, evidence has indicated that the receptiveness of the target tissue to 

spreading cells can be promoted by the primary tumour before metastatic seeding, a 

process that is usually indicated as pre-metastatic niche formation. The pre-metastatic 

niche is established through the release of growth factors, chemoattractants and 

exosomes by the primary tumour in the blood circulation16,20-25. These soluble molecules 

prime the stroma of the target organ to attract the engraftment of metastatic cells. This 

happens through the recruitment of bone marrow derived cells (BMDCs)20,21,23,26,27 or the 

activation of local cells (such as platelets and fibroblasts)26,28 that enhance tumour cell 

adhesion, immune evasion and invasion through the expression of adhesion molecules20 

and the secretion of pro-metastatic factors21,22,27 or extracellular matrix remodelling 

enzymes16,27.  

 

1.1.2 Treatment of metastasis 

Tumour metastases are the main cause of death from solid tumours, accounting for 90% 

of cancer mortality. This is primarily due to the fact that patients are diagnosed with a 

primary tumour at a time when it has already metastasized. Moreover, the existing anti-

cancer therapies have generally been designed to limit tumour growth and might not be 

effective to contain metastatic disease29,30. The refractoriness of distant metastasis 

depends on a series of reasons. First, metastatic cells have a clonal origin from the 

primary site and are usually less phenotypically stable than the original tumour31-34, which 

determines differences in their karyotype, growth, expression of surface proteins, 

immunogenicity and enzyme activities. These changes may result in resistance to normal 

chemotherapeutics or immune attacks1. Second, metastatic lesions are genotypically 

heterogeneous, both among different lesions (interlesional heterogeneity) and within the 
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same lesion (intralesional heterogeneity)35,36. As a consequence, the treatment may be 

efficient for some metastatic nodules but not for others1. Third, the metastatic stroma 

alters the effect of conventional chemotherapeutics on tumour cells and thus reduces the 

effectiveness of the therapy1. Finally, metastases often have a tortuous vasculature and 

high blood pressure, reducing drug penetration30. All together, cytostatic tumour-targeted 

therapies are usually not efficient at limiting the spread and growth of metastasis, and do 

not improve the overall survival or progression-free survival of patients30,37,38.  

Nevertheless, metastatic disease could be controlled through the development of drugs 

that prevent metastatic dissemination, in particular during the haematogenous transit of 

tumour cells39. Indeed, most therapeutic agents reach the highest concentration in blood, 

thus they have the potential to affect disseminating tumour cells more than extravasated 

ones. Therefore, the study of molecular mechanisms of metastasis dissemination is of 

paramount importance. 

 

1.1.3 The haematogenous metastatic cascade 

Tumour cells follow a series of sequential and interrelated steps in order to colonise a 

distant organ: tumour cells de-adhere from the primary tumour, intravasate in the blood 

and/or lymphatic vessels, interact with cells in the circulation, attach to the endothelium of 

the target organ, extravasate in the host tissue, where they can remain dormant or 

proliferate to form micrometastases or macrometastases1 (Figure 1.1). During all of these 

steps, tumour cells interact with other cell types, either directly or through released 

factors, which influence the invasiveness of tumour cells. 

The haematogenous route of metastasis is the focus of the present research project and 

therefore will be discussed in this section. In particular, we will focus on the intravascular 

transit of tumour cells. 
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Figure 1.1 – The haematogenous metastatic cascade. 

Cancer metastases develop through sequential and interlinked steps, collectively indicated as 
metastatic cascade. Tumour cells detach from the primary mass and embolise in the vasculature, 
where they interact with circulating cells such as platelets and leukocytes. After having survived in 
the circulation and adhered to the vasculature of a secondary organ, tumour cells extravasate and, 
upon persistent growth, they colonise the secondary site as micro- or macrometastases. Tumour 
cells can fail at each of these steps and be eliminated, contributing to metastatic inefficiency. 
Image obtained from Francia et al.40 with permission.  
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 Local invasion and intravasation 1.1.3.1

To invade the blood stream, tumour cells need to detach from the primary tumour and 

reach the proximal vessel.  

In a tumour mass, tumour cells are constrained by junctions, such as adherens junctions 

(AJs), gap junctions, tight junctions (TJs) and desmosomes. In order to reach the 

vasculature, tumour cells disrupt these junctions by undergoing a transdifferentiation 

program called epithelial-to-mesenchymal transition (EMT)41 through which cells with an 

epithelial phenotype, which is associated with cell-to-cell junctions, can acquire a 

mesenchymal and more invasive phenotype. The orchestration of the EMT program is 

driven by EMT-inducing transcription factors42, such as Snail, Twist, Slug and zinc-finger 

E-box-binding (ZEB) factors43,44, and the consequent deregulation of genes involved in 

tumour cell adhesion and motility (reviewed by 44). For example, the downregulation or 

even repression of the expression of epithelial (E)-cadherin, a component of AJs, is 

considered a hallmark of EMT and is often accompanied by the overexpression of 

neuronal cadherin (N-cadherin). This phenomenon is termed cadherin-switch and is 

responsible for the acquisition of a mesenchymal phenotype. In this scenario, tumour cells 

lose the adhesion to epithelial cells expressing E-cadherin and acquire affinity to 

mesenchymal cells expressing N-cadherin44. 

Additionally, intravasating tumour cells undergo the rearrangement of actin cytoskeleton to 

assume a more round shape and form actin stress fibres, cellular structures that mediate 

the invasion and contractility of the cell45. Stress fibres and cytoskeleton rearrangement 

are controlled by RHO GTPases, a large family of proteins responsible for the activation of 

RHO-associated kinase (ROCK) and the subsequent actin polymerisation, myosin light 

chain phosphorylation, actomyosin contraction and cofilin (actin polymerisation inhibitor) 

inactivation. Due to their role in cell remodelling, RHO GTPases are tightly controlled 

during EMT and cell motility44. During EMT, the cadherin switch is responsible for the 
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activation of Rho GTPases Rac1 and Cdc41 and leads to a higher motility of tumour 

cells46. 

Several signalling pathways have been found to induce the activation of the EMT 

program, and the most characterised is TGF-ß family of proteins. These factors interact 

with their cognate type II TGF-ß family receptor (TßRII) and induce the assembly of 

SMAD complexes and their translocation into the nucleus, where they activate the 

expression of EMT-inducing transcription factors44. Additionally, TGF-ß proteins lead to 

the activation of RHO GTPases through the PAR6-mediated degradation of the inhibitor 

RHOA44. In this sense, the TGF-ß family acts as an orchestrator of cellular events 

involved in tumour cell intravasation and extravasation. It is believed that both signals 

from reactive stroma, either resident or recruited, and the presence of genetic and 

epigenetic makeup in receptive cells are responsible for the activation of latent EMT 

programs42. Macrophages are recruited to primary tumours through the release of colony 

stimulating factor 1 (CSF1) and are normally defined as Tumour Associated Macrophages 

(TAMs). These TAMs promote tumour cells intravasation both through soluble factors, 

such as TGF-ß, matrix remodelling proteases or tumour necrosis factor α (TNFα), or by 

direct contact, which induces the formation of invadopodia47.  

Tumour cells with a mesenchymal phenotype make their way towards neighbouring blood 

vessels. The entry of tumour cells in the vasculature is greatly promoted by angiogenic 

factors48-50, which often lead to the generation of irregular and leaky vasculature that 

facilitates the direct entry of tumour cells in the circulation. Alternatively, tumour cells or 

associated stroma cells degrade the surrounding extracellular matrix (ECM) and 

basement membrane of the endothelium by expressing or releasing matrix remodelling 

enzymes, in particular matrix metalloproteinases (MMPs)51,52. Finally, tumour cells need to 

cross the endothelial barrier by disrupting cell-cell junctions in the endothelium. Although 

intravasation and extravasation take place at opposite sides of the endothelial barrier, it is 
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believed that similar mechanisms regulate transendothelial migration of tumour cells. 

Such mechanisms will be overviewed in the paragraph 1.1.3.1. 

 

 Circulating tumour cells 1.1.3.2

Once they enter blood vessels, tumour cells exist as circulating tumour cells (CTCs). The 

number of CTCs positively correlates with the advancement of cancer and development of 

metastasis42,53-59. 

CTCs have been detected both as single cells and, less frequently, as circulating tumour 

microemboli (CTM)60,61, which could contain up to 50 CTCs. CTM derive from the 

concomitant intravasation of multiple cells at the primary site (collective cell invasion62), 

rather than aggregation in the circulation, and are characterised by the expression of 

plakoglobin, an adhesion molecule involved in tumour cell-cell adhesion54. CTMs are more 

likely to form metastasis than single CTCs. In fact, tumour cells in CTMs are protected 

against apoptosis and are more likely retained in capillaries, leading to the formation of 

metastasis54. Even when found as single cells, CTCs are usually associated with host 

cells such as platelets and immune cells. The interaction with these cells happens shortly 

after tumour cells intravasation and is known to support their survival and seeding of the 

secondary site (see section 1.1.4). 

The majority of CTCs are characterised by a higher expression of mesenchymal 

markers53, such as Twist1 and Snail1, and lower expression of E-cadherin than the 

primary tumour63, consistent with their EMT transition during intravasation. However, in 

the blood of metastatic breast cancer patients, some CTCs were found to express just 

epithelial markers or a mixture of epithelial and mesenchymal markers. These cells were 

often present in clusters and associated with platelets53. It is believed that these cells 

undergo EMT within the circulation through the signalling of platelet-derived TGF-ß18,53.  
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The half-life of CTCs is very short, estimated to be of 1 to 2.4 hours64 and most 

intravenously injected CTCs die and are cleared during the first 24 hours65,66. Indeed, the 

circulatory system is a very hostile environment and circulating tumour cells are exposed 

to cell death through different mechanisms.  

(1) CTCs contact with natural killer (NK) cells induces tumour cell death. The 

importance of NK anti-tumour response is shown by the fact that a high number of 

tumour infiltrating NK cells is associated with a better prognosis67-69 and 

experimental NK depletion dramatically increases metastasis70. NK cells 

recognise tumour cells for their loss of major histocompatibility complex (MHC) 

class I (‘missing self’), the expression of neoantigens (‘non-self’) or the 

upregulation of membrane proteins (‘altered-self’)71. NK-driven tumour cell death 

depends on the initiation of apoptosis or cytolysis through the release of cytotoxic 

granules72,73, direct interaction of death receptors with their ligand on tumour 

cells74 74-76 and secretion of IFN-γ, a known tumour suppressor molecule77-79. 

(2) CTCs can undergo cell death due to their presence in a suspension environment. 

Anoikis is a particular type of apoptosis induced by the absence of attachment to 

other cells or to the extracellular matrix (ECM), which culminates with the 

activation of caspase-3 and the subsequent cell death. The activation of the 

anoikis program can be triggered by the interruption of integrin interaction with 

ECM proteins or integrin receptors on other cells, which is necessary for the 

activation of pro-survival signalling cascades80-83. Concomitantly, the 

disengagement of cell contacts induces both an intrinsic pathway of anoikis, 

involving the release of cytochrome c from the mitochondria, and an extrinsic 

pathway of anoikis, involving the activation of apoptotic signalling downstream to 

tumour necrosis factor receptor (TNFR) superfamily83. The acquisition of an EMT 

phenotype and, particularly, the overexpression of EMT-inducing transcription 

factors has been implicated with anoikis resistance84-86. Moreover, the migration of 
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tumour cells in CTM might provide cell-cell adhesion signalling that protect tumour 

cells from anoikis, an observation that could motivate the higher apoptosis 

resistance of CTMs in comparison to CTCs. 

(3) Haemodynamic shear forces can induce mechanical damage and tumour cell 

death66,87. The exposure of tumour cells to fluid shear stress increases their 

sensitivity to apoptosis induced by TNF-related apoptosis-inducing ligand (TRAIL), 

which is normally expressed by NK cells88, and induced cell cycle arrest through a 

Smad-dependent mechanism89.  

The survival of CTCs in the circulation and the establishment of metastastatic lung 

nodules depend in part on intrinsic features of tumour cells. The comparison of gene 

expression profiles between CTCs and the primary tumour has revealed that metastatic 

clones possess a protein signature that makes them more adapted to colonise a distant 

organ. Such metastatic signatures are unlikely to develop during the haematogenous 

transit of CTCs and are most likely present (and then selected) in the primary tumour. 

Metastatic signatures comprise proteins involved in tumour cell response to growth factors 

(EGFR and HER2)90, infiltrative functions (MMP1, fascin-1 and heparinase), metabolic 

pathways (PGC-1α)63 and cytoskeletal remodelling (Myc/PI2KA, Ras and ROCK)66. 

Moreover, the expression of some integrins (i.e. αvß391,92 or αvß593) and the 

downregulation of others (i.e. ß494 or αvß693), a phenomenon known as integrin switch, 

might confer tumour cells an anoikis-resistant phenotype83. The interaction with the 

metastatic niche can also provide the survival signals necessary for tumour cell survival 

and colonisation, as discussed in the next sections.  
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 Interaction with platelets 1.1.3.3

1.1.3.3.1 Platelet physiology 

Platelets are small blood cell fragments of 2-3 µm in diameter and 7-9 fL in volume, with a 

distinctive discoidal shape and lack of nucleus, and represent the most abundant cell type 

in the circulation (150-1400x109 platelets per litre in humans and 1100x106 platelets per 

millilitre in mice95). Being anucleate, platelets have a very short life span of 8-10 days (in 

humans) and, in order to maintain the correct platelet count, new platelets need to be 

produced every day from myeloid precursor called megakaryocytes96. A distinctive trait of 

platelets is the presence of a high number of cytoplasmatic storage granules, classified as 

alpha- (α-) or dense-granules (Figure 1.2). α-granules are spherical structures with a 

diameter of 200-500 nm and are the most numerous type of vesicles. They contain 

essential proteins involved in platelet adhesion, recruitment of immune cells97 and 

angiogenesis98 Dense granules (also referred to as dense bodies or δ-granules) are 

smaller structures (250 nm in diameter) with highly dense cores that store low molecular 

weight molecules involved in activation and recruitment of other platelets to the site of 

damage99.  

The main function of platelets is to form an aggregate, defined as thrombus. Upon agonist 

stimulation, platelets undergo activation, a complex cellular process associated with a 

conformational change of membrane integrin αIIbß3 (also called glycoprotein [GP] IIa/IIIb) 

from a resting to an activated state (‘inside-out signalling’) and a Rho GTPase-dependent 

cytoskeletal rearrangement100. These events lead to the increase of platelets adhesion, 

the change of shape with production of filopodia and lamellipodia, and the release of the 

granules content in a process called degranulation. Agonists of platelet activation can be 

categorised as initial mediators (collagen and von Willebrand Factor, vWF) and second-

wave mediators (such as adenosine diphosphate [ADP], thromboxane A2, thrombin and 

epinephrine). 
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Figure 1.2 – Platelet structure. 

Electron micrographs of platelets in their resting and activated state. Resting platelets (left) present 
a discoidal shape and numerous intracellular granules, classified as α-granules and dense-
granules. Activated platelets (right) are characterised by the formation of long pseudopodia, the 
rearrangement of the cytoskeleton and the release of intracellular granules (degranulation). Image 
obtained from George et al.101 with permission. 

 

 

Platelets play a central role during haemostasis, a process through which vessel injury is 

repaired to maintain the integrity of the vascular system. Haemostasis involves two 

parallel and interrelated processes at the site of damage: thrombosis, which is the 

formation of a platelet aggregate (thrombus), and coagulation, a cascade of cell activation 

and proteolytic reactions involving different cell types (endothelial cells, platelets and 

leukocytes) and soluble proteins (coagulation factors). In particular, coagulation factors 

are enzymes with serine protease activity that exist in the circulation as inactive zimogens 

and undergo activation through proteolytic cleavage102. These processes lead to the 

formation of a (fibrin) clot, a plug of platelets and fibrin mesh (Figure 1.3).  
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1.1.3.3.2 Interaction of platelets with tumour cells 

By mimicrying some steps of haemostasis, tumour cells are able to interact with 

circulating platelets during their haematogenous transit, a process referred to as Tumour 

Cell-Induced Platelet Aggregation (TCIPA). The association of platelets with tumour cells 

happens as early as after 1 minute from their intravasation103, when they are in the 

circulation phase or shortly after entrapment in the capillary bed. The formation of platelet-

tumour cell aggregates is very rapid, and aggregates decrease in size over the following 

21 hours103.  

The interaction of tumour cells with platelets is driven by different mechanisms (Figure 

1.3).  

 

1.1.3.3.2.1 Expression of pro-coagulant factors 

Tumour cells express haemostatic factors, such as tissue factor (TF), which is the main 

activator of the coagulation cascade in vivo104. TF (also known as CD142 or 

thromboplastin) is a 47 kDa transmembrane glycoprotein105. In physiological conditions, 

TF is expressed by cells adjacent to the vessel wall, such as smooth muscle cells, 

fibroblasts, pericytes, keratinocytes, astrocytes and myocytes, and is exposed by vessel 

injury105,106. Alternatively, its expression can be induced in monocytes and endothelial 

cells107-111 upon different stimuli, such as tumour cell-derived inflammatory interleukin (IL)-

1 and TNF-α105,112, creating a pro-thrombotic environment.  

When exposed to blood, TF initiates the extrinsic pathway of coagulation (Figure 1.3). TF 

binds to the coagulation factor VII and activates it to VIIa, forming a bimolecular complex  
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Figure 1.3 – Platelets interact with tumour cells through multiple mechanisms. 

Tumour cells engage platelet aggregation through multiple pathways. On the left, TF on the surface 
of tumour cells, stroma or microparticles activates the extrinsic pathway of coagulation, which 
induces platelet aggregation and the deposition of a fibrin clot. On the right, tumour cells and 
microparticles express P-selectin ligands (e.g. PSGL-1) that promotes the direct interaction of 
tumour cells with platelets and platelet activation. Image obtained from Gil-Bernabé et al.113 with 
permission.  

 

 

(TF-VIIa). The complex TF-VIIa activates a cascade of proteolytic reactions and cell 

activation that ultimately leads to the activation of thrombin and fibrin deposition102. 

Thrombin cleaves protease activated receptor (PAR)-1 (in humans) and PAR-4 (in mice) 

on platelets and triggers platelets activation and change of shape114. Activated platelets 

express the high affinity form of integrin αIIbß3 and bind to fibrin, which also binds integrin 

αvß3 on tumour cells leading to the formation of platelets-fibrin microclots on tumour 

cells106. Thus, the expression of integrin ß3 both on tumour cells and on platelets is 

necessary to form TF-dependent interactions115. Interestingly, αvß3 integrin exists in low- 
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and high-affinity states, but only the high-affinity form mediates the interaction of tumour 

cells with platelets and is found in tumour cells with higher metastatic potential115. 

 

1.1.3.3.2.2 Expression of adhesion molecules 

Tumour cells express adhesion proteins that mediate the direct association with platelets. 

This is the case of P-selectin glycoprotein ligand-1 (PSGL-1), which interacts with P-

selectin expressed on activated platelets113,116. Per se, PSGL-1 on tumour cells can 

interact with platelets but cannot directly activate them. However, evidence from P-

selectin- or PSGL-1-null mice suggests that it is involved in fibrin generation117 and 

couples with TF to initiate coagulation118. Thus, the direct association of tumour cells with 

platelets through P-selecting-PSGL1 interaction is sufficient to induce platelet 

activation119. It is believed that PSGL-1 stimulation on leukocytes induces their expression 

of TF and the release of TF-expressing microparticles, which takes part in PSGL-1 

mediated platelet aggregation118,120. 

Additionally, different tumour cell lines, in particular carcinomas, present surface mucins 

that induce the formation of platelet microthrombi. This process seems to depend on the 

concomitant interaction of mucins with platelets P-selectin and neutrophil L-selectin and 

the induction of platelet activation by neutrophil-derived agonists121. 

 

1.1.3.3.2.3 Shedding of pro-coagulant microparticles 

In addition to high expression of TF in tumour biopsies, cancer patients present high 

levels of circulating TF, in particular during advanced stages of disease and after 

chemotherapy or radiotherapy122. This phenomenon may be explained by the presence in 

the circulation of pro-coagulant microparticles (MPs), small membrane vesicles released 

by tumour cells and other stroma cells, such as activated monocytes and endothelial cells. 
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These particles express TF123,124, PSGL-1125 and phospahtidilserine116 on their 

membranes and contribute to the hypercoagulable state by accumulating in proximity of 

tumour cells-platelets microemboli, where they further increase thrombin and fibrin 

generation.  

Although pro-thrombotic MPs have been correlated with thrombotic risk and cancer 

progression, the mechanism of their contribution to metastasis and their potential use as 

biomarkers remain to be established. 

 

1.1.3.3.2.4 Release of procoagulant factors 

Tumour cells can also induce platelet activation, and subsequently aggregation, through 

the release of soluble pro-aggregant factors. For example, tumour cell-derived ADP can 

induce platelet activation and a conformational change of integrins to a high-affinity state 

towards fibrin, increasing the interaction with tumour cells. On the other hand, tumour cells 

release TNF-α, which induce the overexpression of TF by adjacent endothelial cells or 

monocytes and thus increase local coagulation126.   

 

 Adhesion to the endothelium 1.1.3.4

As described in section 1.1.1, it is currently believed that the initial entrapment of tumour 

cells in the vasculature of a secondary organ is mainly dependent on the circulatory 

patterns downstream to the primary tumour. This is particularly true in the case of 

pulmonary circulation, where tumour cells, similarly to leukocytes, can get physically 

entrapped in the capillaries due to size restriction127 (tethering), a process that is 

promoted by the formation of CTMs and tumour cells-platelets emboli. However, evidence 

indicate that tumour cells can arrest in vessels larger than their size, in particular in 
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pulmonary pre-capillaries arteries and portal venules128, suggesting the existence of 

receptor-ligand interactions. 

The initial arrest and subsequent adhesion of tumour cells is mediated by the expression 

of adhesion molecules by endothelial cells, in a process called endothelial (cell) activation. 

In basal conditions, the endothelium exists in a quiescent state where thrombotic, 

inflammatory and adhesive functions are repressed. Upon vascular injury, inflammation or 

infection, endothelial cells undergo activation and locally synthesise or expose adhesion 

molecules to generate local adhesion foci for platelets and leukocytes129. Hence, these 

proteins are collectively referred to as endothelial cell leukocyte adhesion molecules 

(ELAMs). In the context of metastasis, tumour cells have employed similar mechanisms to 

trigger endothelial activation and form stable adhesions. Factors derived from activated 

platelets, tumour cells and myeloid cells trigger ELAM expression and exposure.  

Similarly to leukocytes, the adhesion of tumour cells to the vascular wall is a multistep 

process that involves the sequential expression of adhesion molecules and their ligands.  

 

1.1.3.4.1 Initial arrest (selectins) 

The initial arrest of tumour cells is mediated by the expression of selectins and selectin 

ligands. Selectins are a family of type-I transmembrane adhesion molecules with a 

conserved lectin domain and can recognise glycoconjugates containing constant moieties 

(Lewis x and Lewis tetrasaccharide sialyl groups)130. Specific selectins and selectin 

ligands are expressed by leukocytes, endothelial cells, platelets and some tumour cells; 

their expression is tightly regulated by both transcriptional regulation, exocytosis of 

intracellular granules and proteolytic cleavage in order to avoid deleterious thrombosis or 

leukocyte recruitment. There are three members of the selectin family, E-, L- and P-

selectin. Endothelial cells (in mouse only) and platelets constitutively express P-selectin, 

which is rapidly translocated to their membrane upon exocytosis of Weibel-Palade bodies 
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(in endothelial cells) or α-granules (in platelets) during vascular injury, inflammation or 

tumour cell stimuli131,132. In this activated status, P-selectin on endothelial cells and 

platelets can interact with PSGL-1 and CD44 (in particular its variant CD44v) on tumour 

cells133,134. Additionally, the exocytosis of Weibel-Palade bodies in endothelial cells 

induces the exposure of vWF, which is bound by αIIbß3 and GPIb-IX-V on platelets 

associated with tumour cells135. 

On the other hand, E-selectin can be found exclusively on endothelial cells and its de 

novo transcription is induced upon pro-inflammatory stimuli (e.g. IL-1α, IL-1ß and TNF-α), 

shear stress or vascular injury136-138. Additionally, tumour cells and activated platelets 

induce E-selectin expression through soluble factors (TNF-α, CCL2, CCL3, CCL5, CCL7 

and Gro-α)139-142, thrombin generation132 and other cytokines contained in tumour cell-

conditioned medium129. Cancer cells express numerous ligands for endothelial E-selectin, 

including HCELL (a sialofucosylated glycoform of CD44), PSGL-1, E-selectin ligand 1, 

mucin 1 (MUC1) and galectin-3-binding protein (LGALS3BP)143-145. 

The expression of selectin ligands on leukocytes mediates their rolling along the vascular 

wall, a process necessary to reduce their velocity and arrest on the activated vascular 

wall. Rolling is achieved through the rapid establishment and disengagement of selectin-

selectin ligands interactions under shear flow forces. Although tumour cell rolling can be 

visualised in vitro, proofs that a similar mechanism happens in vivo are still tenuous.  In 

support of this, some of the adhesion molecules involved in tumour cells or leukocytes 

adhesion differ, suggesting the existence of alternative mechanisms144. 

 

1.1.3.4.2 Firm adhesion (integrins) 

Selectin-mediated adhesion of leukocytes, platelets and tumour cells to the vascular wall 

is transient and susceptible to shear stress and more stable interaction need to be formed 

in order to undertake diapedesis. A firmer adhesion is achieved through the expression on 
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endothelial cells of a second set of ELAMs, mainly (but not exclusively144,146) represented 

by integrin ligands. The principal endothelial integrin ligands are vascular cell adhesion 

molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1). VCAM-1 

expression is limited to activated endothelial cells and some BMDCs and, during 

inflammation or vascular injury, it serves as a docking point for circulating leukocytes by 

directly binding their surface ligands integrin α4ß1 (also called VLA-4) and integrin α4ß7. 

Similarly, ICAM-1 mediates the binding of leukocytes via integrin αLß2, also called LFA-

1147. 

Through a similar mechanism, tumour cells can directly interact with VCAM-1 through the 

expression of integrin α4ß1/VLA-4148-150 and ICAM-1 through integrin αLß2/LFA-1147 and 

MUC1151. Other integrins (e.g. ß3, ß6, αvß3, α6ß4) are also essential for the interaction of 

tumour cells with the endothelium152-154. Thus, it appears the direct interaction of tumour 

cells with the vascular wall is responsible for the establishment of stable adhesion. 

However, the association of platelets and the subsequent recruitment of immune cells is 

still necessary for the successful engraftment of metastatic cells103. 

 

 Interaction with myeloid cells 1.1.3.5

Early after the intravasation, tumour cells-platelets microemboli start interacting with 

circulating BMDCs belonging to the myeloid lineage, mainly neutrophils and 

macrophages. Both monocytes and neutrophils derive from a shared hematopoietic 

myeloid progenitor, the myeloblast, in response to different stimuli from the bone marrow 

niche155-157. 
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1.1.3.5.1 Neutrophils 

Neutrophils (also called polymorphonuclear neutrophils or PMNs) are circulating 

leukocytes that belong to the granulocyte branch of the innate immune system and 

oversee immune and pro-inflammatory functions. Upon inflammation or infection, 

neutrophils are rapidly recruited from the bone marrow and the circulation to the site of 

damage, where they tether and undergo diapedesis. Here they kill invading pathogens 

through multiple mechanisms158 and activate an acute inflammatory response through the 

release of cytokines and the engagement of the adaptive immune system159. 

In the context of haematogenous metastasis, neutrophils are recruited to disseminating 

tumour cells103. Tumour cells and activated endothelial cells directly attract neutrophils by 

secreting pro-inflammatory IL-8/CXCL8160-162. Additionally, tumour cells recruit neutrophils 

through chemoattractants released by platelets aggregates on their surface, such as 

CXCL5 and CXCL7103. Neutrophils start rolling on activated endothelium through 

interaction of their L-selectin and PSGL-1 with PSGL-1 and E-/P-selectin, respectively, on 

endothelial cells148133. These bonds are transient and do not prevent the detachment of 

neutrophils by sheer stress, yet they bring CTCs and neutrophils in closer proximity. IL-8 

induces the upregulation and activation of ß2 integrins (such as αMß2 integrin, also called 

MAC1) in neutrophils, which allow the establishment of stronger and sheer-resistant 

bonds with ICAM-1 and VCAM-1 on tumour cells, activated endothelium and to 

components of the coagulation cascade160,162-165. Both physical interaction and soluble 

factors released by tumour cells potentiates IL-8 generation, and subsequently MAC1 

expression by neutrophils166. Thus, tumour cells, endothelial cells and neutrophils 

interrelate through a positive feedback loop that potentiates activation and adhesion, 

mainly through IL-8 signalling.  
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1.1.3.5.2 Monocytes 

1.1.3.5.2.1 Physiology of monocytes 

Monocytes are a population of undifferentiated blood-borne BMDCs that belong to the 

mononuclear phagocyte system of the innate immunity. After a short time in the blood 

circulation (one day in mice167) monocytes infiltrate tissues where they differentiate into 

tissue macrophages or more specialised myeloid dendritic cells (DCs) lineages. 

Macrophages are tissue resident cells whose main role is to recognise and phagocyte 

pathogens. Apart from general tasks, tissue-specific macrophages oversee specialised 

functions that are induced by the specific microenvironment that they encounter: alveolar 

macrophages in lungs, Kupffer cells in liver, osteoclasts in bone and microglia in brain168. 

On the other hand, DCs are more specialised phagocytic cells with antigen-presenting 

abilities. DCs are recruited to areas of infection, where they differentiate into antigen 

presenting DCs, expressing MHC class II molecules and higher levels of CD11c. These 

cells subsequently migrate to draining lymph nodes where they stimulate naïve CD8+ T 

cells to proliferate, engaging the acquired immune response169.  

Macrophages and DCs derive from the differentiation of the same monocytic precursors. 

The recruitment to a particular organ and the direction of monocytes differentiation are 

dictated by the microenvironment that they encounter. Both human and mouse monocytes 

can be classified into two subsets according to marker expression. Resident monocytes 

(CCR2-CD26L-Cx3CR1highLy6C- in mouse and CD14+CD16+ in humans)168,170 are longer-

lived cells that home towards peripheral non-inflamed organs such as lung, liver, spleen 

and brain. This homing is dependent on the interaction with Cx3CR1 ligand (fraktaline or 

Cx3CL1)171 or tissue-specific ligands adhesion molecules on endothelial cells172. Resident 

monocytes can differentiate into resident macrophages and DCs, both in vitro and in 

vivo168, or remain in the circulation as patrolling monocytes173. 
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Inflammatory monocytes (CCR2+CD62L+Cx3CR1lowLy6C+ in mouse and CD14highCD16- in 

humans)168,170 represent the second subset of blood borne monocytes. These cells 

migrate towards gradients of CCL2, also known as chemoattractant monocyte 

chemotactic protein (MCP-1), normally released in areas of local inflammation, and bind to 

CD34 on activated endothelial cells168,171,174. Once recruited to an inflamed tissue, these 

inflammatory monocytes are more likely to differentiate into DCs 171. 

These two subtypes of monocytes do not independently differentiate from the myeloblast; 

instead Ly6C- resident monocytes derive from the phenotypic differentiation of Ly6C+ 

inflammatory monocytes through an intermediate Ly6Cmed state175. It is believed that these 

intermediate monocytes are recruited to sites of inflammation and can differentiate into 

both macrophages and, primarily, DCs168. 

 

1.1.3.5.2.2 Interaction of monocytes with tumour cells 

In the context of haematogenous metastasis, the recruitment of monocytes to 

disseminating tumour cells is the result of a network of cellular interactions and cytokine 

release. Tumour, endothelial and platelets can directly attract monocytes/macrophages by 

releasing MCP-1/CCL2166,176, which interacts with CCR2 receptor expressed by 

monocytes/macrophages176. The importance of CCL2-CCR2 signalling for the recruitment 

of monocytes to tumour cells is highlighted by the fact that anti-CCL2 treatment 

dramatically reduces the formation of lung metastases176. It is believed that CCL2 

synthesis by tumour cells happens after the arrest in the vasculature of the target organ, 

when the interaction of tumour cells with platelets induces the activation of the NF-κB 

pathway and the consequent release of CCL218.  

Additionally, some tumour cells have the ability to secrete colony stimulating factor (CSF-

1, also indicated as monocytes CSF or M-CSF). CSF-1 is a growth factor that recruits 

monocytes, and its interaction with CSF-1R on monocytes triggers a signalling cascade 



CHAPTER 1 - Introduction 

  24 

involving phosphoinositide 3-kinase (Pi3K), extracellular-signalling-regulated kinase (ERK) 

and Sp1, leading to the regulation of different genes. In the context of metastasis, 

monocytes respond to CSF-1 stimulation by differentiating into an invasion-promoting 

phenotype (similar to tumour-associated macrophages or TAMs), which have multiple pro-

metastatic functions177. Moreover, CSF-1 inhibits the maturation of monocytes to dendritic 

cells, which would activate an immune response against tumour cells. It is not surprising 

that a high expression of CSF-1 can be found in several tumour samples and CSF-1 

expression levels correlate with tumour grade and poor prognosis178,179. Moreover, CSF-1 

deficiency in mice impairs metastasis180. 

Circulating monocytes can also arrest in the proximity of tumour cells through adhesion 

mechanisms that are physiologically adopted by activated endothelial cells to recruit 

leukocytes. Tumour cells have adapted to abnormally express VCAM-1181-185 and ICAM-

1183, which bind to integrins α4ß1/7 expressed by monocytes and macrophages, and their 

levels on tumour cells correlate with long term growth of lung metastases181. However, the 

depletion of VCAM-1 on tumour cells does not affect the interaction with monocytes in 

vivo181, suggesting that redundant mechanisms of interaction are in place.  

Finally, tumour cells can indirectly attract monocytes through platelets aggregated on their 

surface26, in part due to their role in the activation of the endothelium146. Platelets are 

known to drive the recruitment of monocytes/macrophages and neutrophils through the 

release of factors contained in their alpha-granules, such as CXCL5/7, CCL2/MCP-1, 

CCL5/RANTES, IL-8 and others103,135,186,187. Additionally, platelet can engage tumour 

cells18 or endothelial cells119 to release chemoattractants. After recruitment, immune cells 

expressing PSGL-1 directly bind to P-selectin expressing platelets186,188-190, an association 

that is stabilised by the activation of ß2 integrins on leukocytes and the subsequent 

interaction with fribrinogen on activated platelets187. 
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1.1.3.5.2.3 Kinetics of monocytes recruitment 

Monocytes at diverse differentiation stages interact with tumour cells at consequent 

phases of metastatic spread. Gil-Bernabé et al.26 have described the recruitment of a 

subset of undifferentiated monocytes/macrophages (CD11b+F4/80+CX3CR1+CD11c-Ly6C-

) to disseminating tumour cells.  This recruitment depends on the TF-dependent 

engagement of the coagulation cascade, leading to the deposition of clots on the surface 

of tumour cells that establish direct interaction with the monocytes. The clustering of 

monocytes/macrophages with tumour cells-platelets aggregates takes place within the 

vasculature from 2 hours after tumour cell introduction and reaches its maximum at 8 

hours. The recruitment of these myeloid cells is promoted by the release of CCL-5 by 

activated endothelial cells and their expression of the adhesion molecules VCAM-1, 

vascular adhesion protein-1 (VAP-1) and E-selectin, all induced by clots on tumour 

cells119,146. Tumour cell-clots-monocyte clusters are dissolved after 24 hours, suggesting 

that these patrolling monocytes support very early phases of metastasis26. During the time 

when tumour cells are adhered to the lung vasculature, a second wave of inflammatory 

monocytes are recruited by tumour cells through a CCL2-CCR2 signalling176. After 

diapedesis, these monocytes differentiate into metastasis-associated macrophages 

(MAMs), characterised by an inflammatory phenotype (F4/80+CSF1-R+CD11b+ Ly6C-

CX3CR1highCCR2high)29. These MAMs localised on the other side of the vascular wall are 

recruited to the proximity of extravasating tumour cells within 24 to 72 hours after injection 

of tumour cells, correlating with their contribution to tumour cell extravasation and initial 

growth29.  

 

 Transendothelial migration 1.1.3.6

After their intravascular arrest, tumour cells reach the secondary site by crossing the 

endothelial barrier in a process called transendothelial migration (TEM) or diapedesis, 
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which has many similarities to the extravasation of leukocytes during inflammatory 

responses191. Together with arrest and adhesion to the endothelium, TEM is normally 

considered a part of the extravasation process, which is essential for the escape of 

tumour cells from the hostile environment of blood circulation.  

Tumour cell TEM can occur through two routes: paracellular and transcellular. 

Transcellular TEM involves the passage of tumour cells through the body of an endothelial 

cell. Although this process is employed by leukocyte during diapedesis192, it seems that 

tumour cells employ this route only marginally and in vitro193,194. Paracellular TEM involves 

the passage of tumour cells between endothelial cells and requires the disruption of 

endothelium integrity. In vivo, the measurement of vascular permeability to imaging 

molecules195 represents a surrogate method to measure endothelial integrity and 

correlates with tumour cell extravasation.   

Several mechanisms have been proposed for the increase of vascular permeability in 

metastasis, including both traits of the tumour cells and the crosstalk with other cell types 

in the metastasis microenvironment.  

(1) Tumour cells can induce the disruption of endothelial cell junctions. TJs are made 

up by numerous families of integral transmembrane, anchoring and regulatory 

proteins196,197, which form adhesion plaques that mediate both adhesion and 

paracellular permeability198. Among others, the expression of Claudin 5 is 

restricted to endothelial TJs199. On the other hand, AJs serve to maintain physical 

association and cellular polarity of endothelial cells and are built by 

transmembrane, anchoring and regulating proteins196,197.  In particular, VE-

cadherin (also known as CD144 or CDH5), bound to ß-catenin, is a specific 

component of endothelial AJs junctions197. Tumour cells and other associated 

cells can affect the integrity of endothelial cells junctions. The release of soluble 

factors such as vascular endothelial growth factor (VEGF) and TGF-ß1 by tumour 



CHAPTER 1 - Introduction 

 27 

cells or associated platelets and monocytes/macrophages induces the 

phosphorylation of the adhesion proteins zonula occludens (ZO)-1 and -2, 

occludin, claudin-5 and de-phosphorylation of VE-cadherin, leading to the opening 

of TJs and AJs197,200. Additionally, the release of angiopoietin-like protein 4 

(Angptl4) by TGF-ß-induced tumour cells promotes the disruption of both TJs and 

AJs, leading to a higher tumour cells extravasation17. Also, tumour cell-201-203 or 

platelet-derived201 12(S)-HETE, a product of arachidonic acid metabolism, induces 

endothelial cell retraction. It has been postulated that 12(S)-HETE might be 

directly transferred between tumour cells and endothelium through the formation 

of gap junctions shortly after their interaction204. Other cytokines, such as CXCL12 

and CCL2205, have been found involved in the increase of vascular permeability in 

vivo, although the underlying mechanisms have not been fully elucidated.  

(2) Endothelial cell retraction can be induced by cytoskeletal rearrangement in 

endothelial cells. VEGF200 and 12(S)-HETE206, derived from tumour cells or 

associated cells, induce the phosphorylation of cytoskeletal proteins, the 

formation of stress fibers206 and the redistribution of actin fibres towards the centre 

of the cells200. Moreover, direct contact of tumour cells with the endothelium 

activates ROCK, p38 and ERK MAPKs207,208 in endothelial cells and induces the 

assembly of stress fibers208,209, phosphorylation of myosin light chain (MLC)208 and 

tropomyosin 1 (TPM1)209 and disruption of VE-cadherin junctions, all processes 

associated with endothelial cell retraction and vascular permeability in vivo205.  

(3) Tumour cells induce the irreversible retraction of endothelial cells by stimulating 

apoptosis210 and necroptosis211 of adjacent endothelial cells. In particular, the 

stimulation of necroptosis is due to the interaction of amyloid precursor protein 

(APP) on tumour cells and its receptor DR6 (also called tumour necrosis factor 

receptor superfamily 21 [TNFRSF21]) on endothelial cells, leading to cell death 

signalling in endothelial cells211. This allows the opening of the endothelial cells 
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barrier to the passage of tumour cells and, hypothetically, the release of pro-

migratory molecules to intravascular cells. 

The dynamic change of tumour cell shape seems to be essential for efficient 

extravasation. Tumour cells can extend protrusions called invadopodia, which form 

through the polymerisation of actin fibers at the leading edge212. In contrast to other 

membrane extensions, invadopodia are proteolytically active, as they release 

microvesicles expressing matrix-degrading proteases (in particular membrane type 1 

metalloprotease, or MT-MMP1)213,214. RHO-family GTPases and ROCK play a central role 

in the regulation of cytoskeleton contraction and production of invasive protrusions212. 

Indeed, the inhibition of RHO GTPase cell division control protein 42 (CDC24)215 and 

Rac1152,216 reduces TEM of prostate cancer cells, affecting metastasis. 

 

 Colonisation of the secondary site and early metastasis progression 1.1.3.7

The ability to colonise a distant organ is the second most important rate-limiting step in the 

development of metastasis and it depends on the ability to invade the secondary site and 

sustain tumour growth. This process goes along with the generation of a metastatic niche 

that supports the survival and outgrowth of disseminated tumour cells (DTCs). 

After tumour cells have trespassed the endothelial barrier, they need to move through the 

basement membrane and the organ ECM. Tumour cells supervise the reorganisation of 

the existing ECM. On the one hand, existing ECM components are degraded through the 

release of active proteases (MMPs, hydrolases, collagenases and Angpt2), which mediate 

the disruption of the basement membrane and the penetration of the tissue16,20,27,145,217. 

On the other hand, the constitution of the pre-existing ECM is modified through the 

deposition of new components20,218,219 or the crosslinking of collagen fibres to promote the 

recruitment of BMDCs and invasion27,220,221. Both degradation and remodelling are 
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overseen by tumour cells, stroma cells and BMDCs. The latter can be recruited during the 

establishment of the pre-metastatic niche. 

During dissemination, CTCs show a mesenchymal phenotype. Although this morphology 

might be important for the resistance to shear forces and the generation of invasive 

protrusion between endothelial cells, it might not be ideal for the proliferation in the 

secondary site. It has been postulated that invasive tumour cells might be able to revert 

the EMT program through a process defined as mesenchymal-to-epithelial transition 

(MET). Overall, it seems that the re-acquisition of E-cadherin expression and the 

regulation of cancer cell shape are at the core of EMT reversion. The levels of E-cadherin 

were found higher in metastatic nodules than in the primary tumour of cancer 

patients222,223, with a positive correlation between E-cadherin expression and metastasis 

size222. E-cadherin expression is induced in metastasis-initiating cells through multiple 

mechanisms224-226 and is associated with a higher invasivity at the secondary site, but low 

efficiency of intravasation in the primary tumour, compatible with the reversion of the EMT 

program224. The MET program can be induced by the microenvironment at the metastatic 

site. For instance, the exposure of breast tumour cells to hepatocytes induces the loss of 

methylation of E-cadherin promoter, inducing its expression222. Moreover, it has been 

postulated that TGF-ß signalling, which is known to induce E-cadherin expression224,226, 

could derive from circulating platelets during tumour cells dissemination. Collectively, 

these data suggest that the reversion of EMT program takes place through signalling at 

the metastatic niche, rather than selection of cells with a more epithelial phenotype at the 

primary tumour.   

Not all extravasated tumour cells will form overt metastasis. Indeed, more than half of 

patients with diagnosed ‘localised’ non small cell lung cancer present with DTCs in the 

bone marrow. The presence of DTCs correlates with poor prognosis227, suggesting that 

metastatic dissemination starts early after the onset of the primary tumour. DTCs can 

remain alive within the secondary site for a variable period of time, normally referred to as 
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tumour cell dormancy228. These DTCs persist in a growth-arrested state that is promoted, 

maintained or inhibited by the metastatic niche. In the peri-vascular niche the endothelial 

basement membrane is a source of thrombospondin-1 (TSP-1), which promotes the 

growth arrest of tumour cells, while sprouting neovasculature promotes the reinitiation of 

growth through the release of TGF-ß1 and periostin229. Noticeably, dormant DTCs are 

resistant to most anti-tumour treatments, both in clinical and experimental studies, and 

thus represent important factors in metastatic relapse230-233.  

 

1.1.4 Contribution of the ‘intravascular metastatic niche’ to metastasis 

 Platelets 1.1.4.1

Cancer patients have an increased incidence of coagulopathies, such as venous 

thromboembolism (VTE), hypercoagulable state, platelets dysfunction and Trousseau 

syndrome234,235. This higher incidence of thrombosis, which is a major cause of death, can 

be linked to the generation of a pro-thrombotic state by tumour cells236. In fact, TF and 

PSGL-1 have been found constitutively expressed by most tumour cell lines, and TF 

levels in cancer biopsies correlate with the incidence of VTE. Additionally, TF expression 

by tumour cells correlate with the advancement of cancer237-242 and can be upregulated up 

to 1000 folds in highly metastatic cells238, where the expression correlates with metastatic 

potential237,238,240,241. Pro-thrombotic MPs expressing TF have also been associated with 

advanced stages of cancer, poor survival and metastasis122. These observations suggest 

a link between coagulation and metastasis.  

The contribution of platelet aggregation and coagulation to metastasis has been known 

since mid-nineteenth century, when Trousseau noticed the presence of excessive blood 

clotting in patients with occult carcinoma. More recently, two seminal papers by Gasic et 

al.243,244 recognised the requirement of platelets for the efficient formation of experimental 

metastasis. Since then, multiple experimental and clinical studies have reported the 
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correlation between thrombosis and metastasis development, where thrombocytopenia 

and loss of platelet activation correlate with a reduction of experimental and spontaneous 

metastasis18,26,103,146,243-249. In these studies, platelet defects were achieved through 

different approaches. On the one hand a platelets are stably depleted in transgenic mice 

deficient in Gαq
245,250, GPIbα251 or PAR-4249, which make platelets unresponsive to agonist 

stimulation, or in NF-E2, a transcription factor required for megakaryocytes maturation249. 

The genetic depletion of platelets is often associated with embryonic lethality252 and 

haemorrhage253. Alternatively, a transient thrombocytopenia is obtained through the use 

of chemical agents, such as neuraminidase244,254,255, or antibody-induced platelet 

depletion, such as anti-GPIbα103,256.  More indirectly, the interference of tumour cell 

interaction with platelets reduced metastatic efficiency, an effect that can be achieved by 

the depletion/block of TF237,238,257-260, αvß3 integrin115 or PSGL-1 (on tumour cells), αIIbß3 

integrin247,248,261-263 or P-selectin264,265 (on platelets). Metastasis can also be inhibited by a 

range of anti-coagulant drugs, such as inhibitors of thrombin26,146,266-269, fibrin(ogen)245,247, 

fibronectin247,  vWF247 and NSAIDs. 

The abnormal association of platelets on tumour cells can support metastasis through 

multiple mechanisms (Figure 1.4).  

 

1.1.4.1.1 Survival in the circulation 

Platelets aggregates can physically shield tumour cells from shear stress-induced cell 

death87. Moreover, the formation of interactions between tumour cells and platelets might 

prevent anoikis by inducing survival signals in tumour cells135.  

On the other hand, platelets protect tumour cells from the interaction with cytolytic NK 

cells and limit their elimination of tumour cells70,245,257,270, an effect that is fibrinogen 

dependent245. This protection seems to depend both on the physical shielding of tumour 

cells by bound platelets113,271 and fibrin245,257 and to the release of soluble factors such as 
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TGF-ß and platelet-derived growth factor (PDGF)272-274 that induce NK quiescence. In 

particular, platelet- or tumour-derived TGF-ß is responsible for the down-regulation of 

NKG2D receptor on NK cells, the reduction of NK cells degranulation and the reduction of 

IFN-γ secretion by NK cells77,275, which are known mechanisms of NK anti-tumour 

immunity276. The anti-metastatic effect of NK cells happens during the intravascular phase 

of metastasis, approximately at 1 to 6 hours after tumour cell injection270. However, the  

 
 

 

Figure 1.4 – The cross-talk between platelets and tumour cells supports metastasis. 

Diagram depicting the cross-talk between platelets and circulating tumour cells during 
haematogenous transit. Platelets support metastasis through multiple mechanisms, such as 
physical protection, release of content of their granules and attachment to the endothelium. 
Subsequent steps of the haematogenous metastatic cascade are promoted by platelets, in 
particular survival, adhesion and immune cell recruitment. Image obtained from Gay et al.135 with 
permission. 
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effect of platelets on the early survival of tumour cells does not only rely on their inhibition 

of NK cytotoxicity. Indeed, the knockdown of TF and thrombin in the absence of NK cell 

functions is sufficient to reduce the survival of tumour cells in the lung vasculature245. 

 

1.1.4.1.2 Initial arrest and adhesion 

The initial arrest of tumour cells in the vasculature can be mediated by platelets. Indeed, 

platelets express adhesion molecules to the endothelium277 and thus form adhesive 

bridges between tumour and endothelial cells.  Interestingly, tumour cells expressing 

activated αvß3 integrin display a platelet-interactive phenotype and are more capable of 

arresting in a platelet-dependent manner and are thus positively selected from the primary 

tumour to form metastasis115.  

 

1.1.4.1.3 Interaction with monocytes/macrophages 

Platelets promote the interaction of tumour cells with pro-metastatic myeloid cells. The 

direct link between platelet aggregates on tumour cells and the recruitment of immune 

cells in the lung vasculature has been shown by Gil-Bernabé et al.26. In this study, the 

inhibition of platelet aggregation on tumour was sufficient to abrogate the recruitment of a 

subset of monocytes/macrophages during the intravascular phase of metastasis. These 

monocytes/macrophages support tumour cell survival in the circulation and metastasis. 

 

1.1.4.1.4 Tumour cell TEM 

The extravasation of tumour cells is also facilitated by the interaction with platelets. 

Platelet activation and degranulation are associated with release of CCL2, PDGF, TGF-ß, 

12(S)-HETE201, EGF and VEGF278 and insulin-growth factor 1 (IGF1), which are known 

triggers of endothelial cells retraction and vascular permeability205,279. In the case of 
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VEGF, this effect is due to the disruption of VE-cadherin-ß-catenin complex in AJs278. On 

the other hand, TGF-ß induces the disruption of TJs (ZO-1) and AJs (ß-catenin) of 

endothelial cells through the induction of ANGPTL4 in tumour cells17. The vascular 

leakage then exposes subendothelial matrix proteins like collagen and vWF, which are 

avidly recognised by platelets receptors α2ß1, GPVI (for collagen) and GPIbα (for vWF)135. 

This interaction triggers another wave of platelet activation and release of pro-invasive 

factors. Platelet-derived TGF-ß also activates Smad signalling in tumour cells, inducing 

the engagement of EMT program by tumour cells18. 

 

1.1.4.1.5 Early colonisation of the secondary site 

The interaction of tumour cells with platelets is temporary and extends for approximately 

one day, during the presence of tumour cells in the circulation187. However, platelets can 

activate signalling pathways that will promote metastasis after tumour cell extravasation, 

both dependent or independent on immune cells. Platelet-derived soluble factors or direct 

contacts induce tumour cell expression of pro-invasive factors, such as MMP9 and 

Serpin118,280. Activated platelet also release factors involved in angiogenesis, such as 

VEGF, FGF, MMPs, TGF-ß and angiostatin281.  

 

1.1.4.1.6 TF-dependent pro-metastatic effects 

Besides its role in inducing platelet aggregation, TF expression by tumour cells can also 

induce the activation of intracellular signalling cascades that support tumour cell 

adhesion282,283, survival284, migration283,285,286 and angiogenesis239,287, thus increasing 

metastatic potential. These pathways are activated by the TF-dependent generation of 

thrombin. In particular, thrombin generation leads to the cleavage of protease activated 

receptors (PAR), expressed on platelets (PAR-4), endothelial cells and tumour cells (PAR-

1 and PAR-2)113. PAR-1 in tumour cells can also be activated in a thrombin-independent 
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manner through TF activation of factor VIIa/Xa and induction of an intracellular signalling 

which affects the early survival and arrest of tumour cells, even in the absence of active 

NK cells257,288,289. Thus, the expression of TF by tumour cells supports metastasis through 

multiple concomitant mechanisms, both dependent and independent on the haemostatic 

system. 

 

 Activated endothelium 1.1.4.2

The importance of endothelial activation to metastasis is highlighted by the fact that failure 

to establish interaction between tumour and endothelial cells affect metastasis. Indeed, 

the knockdown/depletion of CD44290,291, integrin αvß3
90, integrin α4ß1/VLA-1149,292,293 or cell 

surface mucins264 on cancer cells reduced their metastatic ability and the expression of 

these molecules correlates with poor prognosis294-296.  Similarly, the genetic depletion or 

pharmacological inhibition of P-selectin133, E-selectin121,297,298, VCAM-1, VAP-1146 in host 

endothelial cells dramatically affect the onset of metastasis in different in vivo models. In 

particular, the disruption of VLA-4/VCAM-1 interaction affects metastasis from multiple 

tumour types, including melanoma, lymphoma, breast and lung carcinomas146,149,292,293. 

Moreover, heparin and their derivatives show a pronounced anti-metastatic effect due to 

both an anti-thrombotic effect and their activity in blocking P-selectin, VLA-4 and other 

integrins299. 

The inhibition of endothelial activation and the disruption of the interaction with tumour 

cells can affect metastasis through the impairment of tumour cells initial arrest and 

adhesion. Indeed, the inhibition of adhesion molecules on both tumour and endothelial 

cells reduces tumour cells arrest and adhesion149,154,215,292,300-303. More indirectly, the 

inhibition of platelet aggregation with tumour cells by different means reduced the 

adhesion of tumour cells to the endothelium115,263,304,305. 
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However, activated endothelial cells can promote metastasis independently of their 

adhesion to tumour cells-platelets microemboli, by recruiting immune cells with pro-

metastatic functions119,146,181 (see next section). This recruitment depends on the 

expression of VCAM-1, vascular adhesion protein-1 (VAP-1) or E-selectin, which are 

known to mediate the homing of leukocytes119,146,181,306,307, and on the release of 

chemoattractants (CCL5, CCL2/MCP-1) by activated endothelial cells119. CCL2-CCR2 

signalling on endothelial cells has also been implicated in the enhancement of vascular 

permeability205. 

Additionally, the engagement of tumour cells on activated endothelium leads to the 

activation of intracellular signalling cascades that promote metastasis. VLA-4/VCAM-1 

and E-selectin/E-selectin ligand interaction induces the release of MMP-2 and 9 by 

endothelial cells, followed by digestion of the tight junctions between endothelial cells, 

endothelial cell retraction and tumour cell extravasation141. 

 

 Monocytes/macrophages 1.1.4.3

During their haematogenous transit, tumour cells interact with circulating precursors of 

macrophages, indicated as monocytes.  Despite historical evidence that suggested an 

anti-metastatic effect of tumour cell-associated macrophages308, there is now substantial 

evidence suggesting that the interaction of monocytes/macrophages with tumour cells in 

the circulation or at the metastatic site promotes metastasis. Evidence from animal 

models strongly supports this claim. The ablation of macrophages through genetic or 

pharmacological means affects the survival, seeding and growth of disseminating tumour 

cells26,29,309-311, dramatically affecting metastasis. These observations are supported by 

clinical evidence indicating that a higher macrophage infiltration in tumours or regional 

lymph nodes negatively correlates with survival and prognosis312,313 and is associated with 

the appearance of lung metastases181 
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Monocytes and macrophages at different differentiation stages support multiple steps of 

the metastatic cascade, through both soluble factors and direct contact with tumour cells 

and associated non-tumour cells. At the primary site, macrophages promote intravasation 

through the induction of a migratory phenotype in tumour cells 314,315, co-migration along 

invading tumour cells316, deposition of collagen ‘guides’317 and secretion of proteases318, 

which promote the movement of tumour cells towards the vasculature. 

Within the circulation, monocytes/macrophages recruited to tumour cells promote tumour 

cell survival and metastatic seeding26,119 and might support the invasion of the lung tissue 

by initiating a MET program in tumour cells319. Extravasating tumour cells recruit a 

subpopulation of inflammatory macrophages, distinct from resident macrophages, which 

maintain physical contact with tumour cells during TEM and initiation of growth. The 

recruitment of these MAMs is neutralised by the inhibition of CCL2-CCR2 signalling, which 

also promotes tumour cell seeding and growth176. The release of VEGF is thought to be 

responsible for the induction of vascular permeability and tumour cell extravasation176. 

Additionally, these inflammatory MAMs prevent early TRAIL-induced apoptosis of 

extravasated tumour cells through the interaction with VCAM-1 on tumour cells, which 

activates a PI3K/Akt pro-survival signalling pathway mediated by Ezrin181. The persistent 

growth of metastasis is further supported by MAMs expressing FLT1/VEGFR1 receptor, 

which is required for the expression of pro-metastatic CSF-1 and other pro-inflammatory 

mediators311. MAMs can also promote the invasion of the secondary organ through the 

release of MMP-9, which increase tissue permeability and the mobilisation of pro-

angiogenic VEGF16.  

All together, these observations suggest a central role of monocytes and macrophages in 

the generation of a permissive microenvironment that promotes the establishment of 

metastasis, both during intravascular and extravascular phases. Thus, macrophages 

might represent promising therapeutic targets for the prevention or control of metastatic 

disease320.   
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1.2 ASPIRIN 

1.2.1 Aspirin, an historical perspective 

Aspirin (commercial name of acetylsalicylic acid [ASA]) was first formulated in 1895 by the 

young chemist Felix Hoffman as a derivative of the white willow extract, salicylic acid. 

Salicylate had been used since the ancient Egypt in decoctions and, since 1874, as a 

drug with anti-pyretic, mild analgesic and anti-inflammatory properties321. However, this 

drug had a poor therapeutic efficacy and it was administered at relatively high doses, that 

were slowly metabolized and frequently led to the appearance of side effects322. In order 

to overcome the low efficacy of salicylic acid as a drug, Bayer research laboratories hired 

Felix Hoffman to develop a derivative of salicylate. In less than one year, Hoffman was 

able to synthetize an acetylated form of salicylic acid, where the acetyl group was added 

to the hydroxyl (-OH) group of the benzene ring. His commitment was due not only to a 

scientific interest, but also to personal reasons. In fact, Hoffman’s father suffered from 

arthritis and could no longer be treated with salicylic acid due to its side effects. After the 

synthesis of aspirin, Hoffman’s father became the first man to ever be administered 

aspirin, which proved to be effective and was brought to much larger clinical trials.   

This new formulation was named as ‘Aspirin’ by Heinrich Dreser, the head pharmacologist 

of Bayer. Some reports maintain that this name derives from St Aspirinius, the patron 

saint against headaches, while others suggest that the name is the abbreviated version of 

the German ‘Acetylspirsaüre’, that indicates the acetylated form of the acid derived from 

meadowsweet (Spirea in the Linnaean system).321  

After commercialization it became evident that aspirin shared similar pharmaceutical 

properties to salicylate, but it was 1.5 times more potent than its precursor and could be 

used at lower doses. Moreover, the metabolism of aspirin was faster and it was 

associated with lower levels of blood salicylate, an effect that was associated with less 

frequent side effects.322  



CHAPTER 1 - Introduction 

 39 

Although it was introduced in clinical practice shortly after its commercialization, the 

mechanism of action of aspirin remained unknown until almost 100 years later, when 

Vane and colleagues noticed that aspirin inhibited the release of thromboxane A2 (called 

at that time ‘rabbit aorta contracting substance’ or RCS) and other prostaglandins (PGs) in 

lungs of guinea pigs under anaphylaxis323. In 1971 these results were confirmed in vitro 

when Vane incubated lung tissue homogenate (known to produce PGs) with arachidonic 

acid and aspirin, finding that PG formation was reduced in a dose-dependent way by the 

drug324.  In the same year, other seminal papers confirmed that aspirin inhibits PGs 

synthesis irrespective of species, tissue and administration route325-327. From the time of 

this discovery to the present the molecular details of aspirin mechanism of action have 

been elucidated and it is now clear that aspirin is a multifaceted drug, whose function go 

well beyond the anti-inflammatory purposes that drove Felix Hoffman’s discovery. 

 

1.2.2 Mechanism of action 

Aspirin belongs to the family of non-steroidal anti-inflammatory drug whose effects are 

mediated by the inhibition of cyclooxygenase (COX). COX is an enzyme involved in the 

rate limiting steps of the biosynthesis of prostanoids, mediating the conversion of 

arachidonic acid into prostaglandin (PG) G2 and then into PGH2, the common precursor of 

prostanoids328 (Figure 1.5). Prostanoids are a family of bioactive lipids that comprises 

prostaglandins (PGD2, PGE2, PGF2a), thromboxane A2 (TXA2) and prostacyclin (PGI2), 

and are synthesized by different PG synthases (PGS). Through their interaction with 

cognate receptors on target cells, prostanoids are mediators of many physiological and 

pathological functions.  

There are two isoforms of COX, COX-1 and COX-2, and both of them are irreversibly 

inhibited by aspirin through the acetylation of serine residues in their catalytic site. The 
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affinity of COX-1 to aspirin is 10-100 times higher than that of COX-2329, so higher doses 

are required to inhibit the latter. 

 

 

 
 

 

 

Figure 1.5 – Biosynthesis of prostanoids. 

Upon platelet activation, arachidonic acid (AA) is released from the plasma membrane by 
phospholipase A2 (PLA2). AA is then converted into PGH2 by COX-1 or COX-2 through a two-step 
catalytic reaction. PGH2 is the common precursor of all prostanoids, a family of bioactive molecules 
including prostaglandins (PGs), prostacyclin (PGI2) and thromboxane (TXA2). The conversion of 
PGG2 to PG, PGI2 or TXA2 products is mediated by selective synthases. Aspirin (ASA) irreversibly 
inhibits COX-1 and COX-2, thus reducing the synthesis of downstream prostanoids. Adapted from 
Iniguez et al.330 with permission.  
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 COX-1 and COX-2 1.2.2.1

1.2.2.1.1 Gene expression  

COX-1 and COX-2, also indicated as Prostaglandin H Synthase (PGHS)-1 and -2, are 

encoded by different genes, called PTGS1 and PTGS2.  

PTGS1 is a 22 kb gene localised on chromosome 9331. Its TATA-less promoter contains 

multiple binding sites for transcription factors, which mediate its constitutive expression in 

a series of cell lines332-334.  

PTGS2 is a shorter gene (8.3 kb) localised on chromosome 1 which produces an mRNA 

product of 2.8 kb331. It works as an immediate-early gene and its expression is regulated 

by growth factors (IL-1, phorbol esters) and mediators of inflammation (TNFα, IL-6 and 

LPS)332,335. Several signalling pathways have been implicated in the regulation of PTGS2 

expression, for example NF-kB, C/EBP and P38/RK/Mpk2331,332.  

Due to the organisation of their promoters, COX-1 is constitutively expressed in many 

tissues and is the only isoform expressed in mature platelets336. On the contrary, COX-2 

expression is constitutive only in some tissues (kidney and brain) and is induced by 

extrinsic stimuli (inflammation, wound healing, infections and cancer) in other cell types, 

such as monocytes337,338. 

 

1.2.2.1.2 Protein structure 

COX-1 and COX-2 are active as homodimers. Each COX monomer consists of three 

independent folding units, an Epidermal Growth Factor (EGF)-like domain (N-terminal), a 

Membrane Binding Domain (MBD) and a Catalytic domain (C-terminal) (Figure 1.6). 

The MBD allows the integration to one lipid monolayer of the endoplasmic reticulum 

membrane. It is constituted by 4 alpha helixes that surround an opening within the lipid 

bilayer of the endoplasmic reticulum or the nuclear envelope. This channel is in continuity 
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with the hydrophobic channel of the active site and allows the access of the substrate 

(arachidonic acid) or other inhibitors (NSAIDs)335. 

The catalytic site of COX is part of this enzymatic folding domain and consists of an 

internal pocket connected to the surface of the protein by a narrow hydrophobic passage 

called COX channel336. The aperture of the channel is located inside the lipid bilayer, thus 

allowing the direct access of the substrate arachidonic acid328. The catalytic site is 

responsible for two distinct enzymatic activities, cyclooxygenase and peroxidase, which 

are performed by distinct regions. The cyclooxygenase site is an hydrophobic channel 

located in the core part of the protein, while the peroxidase site is closer to the protein 

surface335. Both sites are functionally linked by a heme group that forms a bridge between 

them339.  

The amino acid homology of COX-1 and COX-2 is 60%, where most of the differences are 

localised at the N- and C-terminal340. Nevertheless, both isoforms share an equal 

molecular weight of 71 kDa, and the catalytic sites of the two isoforms are highly 

conserved as well as the critical residues for the catalytic reaction340. The only difference 

is that COX-2 has a secondary internal pocket and a larger central channel that allows 

larger substrates to enter the site328, due to a single amino acid substitution in the active 

site (Figure 1.6)331. As a consequence arachidonic acid is still able to enter the active site 

of the enzyme, but is converted to an alternative product, 15-R-hydroxyeicosatetraenoic 

acid (15-R-HETE)321. 

COXs are highly conserved proteins, with a homology between species of 80-95%. 

Crystal structures of human, murine and sheep COX are superimposable335. 

 

1.2.2.1.3 Enzymatic activity 

COXs convert arachidonic acid into PGH2, the common precursor of prostanoids. The 

reaction happens in two steps that take place in the two interconnected catalytic sites 
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(Figure 1.6). First, a cyclooxygenase (bis-oxygenase) reaction happens in the 

cyclooxygenase site of the catalytic subunit, where arachidonic acid binds in proximity of 

Arg120 and Tyr355 (close to the channel aperture) and Ser530 (inside the hydrophobic 

core of the channel). In this position, two O2 molecules are transferred to Tyr385 and then 

to AA, one after the other, to produce the cyclised intermediate PGG2
339. The heme group 

needs to be oxidised before this reaction takes place. Known oxidising agents are 

peroxynitrites (found in cells like monocytes) and hydroperoxides332. Second, PGG2 is 

released and moves to the peroxidase site, where its 15-hydroperoxide group of PGG2 is 

reduced by two electrons to PGH2 in a peroxidase reaction321. 

It has been recently suggested that although they are structurally equal, only one of the 

two monomers of the COX-1/-2 homodimer is catalytically active, and is thus referred to 

as catalytic monomer. The other monomer has regulatory functions (allosteric monomer) 

and it is where the interaction with NSAIDs takes place339. 

 

1.2.2.1.4 Inhibition of COX by aspirin 

Aspirin diffuses through the plasmatic membrane into the cytoplasm and penetrates the 

COX channel, where it docks to Arg120 and further acetylates Ser530 residue. The 

addition of an acetyl group generates a steric blockage of the active site that prevents the 

access of the substrate, arachidonic acid336,339. This reaction is irreversible and happens 

in two steps: a reversible non-covalent binding, which generates a transient complex with 

the enzyme, and an irreversible first order reaction. The first step consists of the formation 

of hydrogen bonds between the carboxyl group of aspirin and the hydroxyl groups of 

Tyr385 and Ser530 in the active site. This binding step takes place with the same 

efficiency for COX-1 and COX-2, as shown by similar absolute non-covalent binding 

energies. The second part of the reaction consists of the acetylation of Ser530 (Ac-

Ser530) in the catalytic site of the enzyme, yielding acetyl-COX and salicylic acid (SA). 
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The activation free energy barrier of this reaction is higher for COX-2 (18.6 +- 0.1 

kcal/mol) than for COX-1 (16.2 +- 0.1 kcal/mol), which depends on the presence of a 

different residue in position 513 (His513 for COX-1 and Arg513 for COX-2) (Figure 1.6). 

Due to the presence of a positively charged guanidinium group, Arg513 significantly 

increases the activation barrier of the acetylation reaction, disfavouring the covalent 

inhibition of COX-2341. The different activation barrier leads to an inactivation constant that 

is 50 times higher for COX-1 than COX-2, which makes aspirin 10-100 times more potent 

in inhibiting COX-1 than COX-2329. 

 

1.2.2.1.5 Function of COX-1 and COX-2 

Although COX-1 and COX-2 share similar protein structure and catalytic activity, they 

mediate unique physiological functions. This is due to the fact that the two isoforms 

oversee the synthesis of distinct prostanoids in different cell types, which is achieved 

through different layers of regulation. 

(1) COX-1 and COX-2 have a distinct spatial-temporal pattern of expression. As 

discussed earlier, COX-1 is a housekeeping gene constitutively expressed in most 

cell types. Conversely, COX-2 expression is stimulated in response to pro-

inflammatory and mitotic stimuli, but remains localised to cells in the inflammatory 

niche. 

(2) COX activity is functionally coupled with selective prostanoid synthases342 through 

the co-expression in the same cell type and/or the subcellular co-localisation. For 

example, COX-1 and TXAS are localised in the membrane of the endoplasmic 

reticulum, where the spatial proximity allows the direct transfer of PGG2 substrate 

from COX-1 to TXAS to produce TXA2. Furthermore, the transcription of COX-2 

and PGES is induced by the same stress-response promoters, such as cytokines 

and tumour-induced elements343, in particular in monocytes. 
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Figure 1.6 – Protein structure and catalytic reaction of COX enzymes. 

(A) Tertiary protein structure of COX-1 and COX-2, highlighting the location of the active site. COX-
2 presents a larger secondary site with a secondary internal pocket due to single amino acid 
substitutions. The existence of this side pocket is due to the presence of a smaller Val523 in COX-
2 rather than Ile523 in COX-1, while the larger volume of the active site depends on the 
substitution of a Val434 in COX-2 to a Ile434 in COX-2 closer to the entrance of the active site, 
which increases the size of around 20%. The amino acids circled in red are responsible for the 
catalytic activity and for the docking of aspirin during inhibition.  

(B) Two-step enzymatic reaction that converts arachidonic acid (AA) into the unstable product 
PGG2 (cyclooxygenase reaction) and then into PGH2 (peroxidase reaction).  

Images adapted from Botting et al.344 and Smith et al.345 with permission. 
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(3) COX-1 and COX-2 catalysis is activated by different concentrations of their 

endogenous substrate. COX-1 is the main active form at high intracellular 

concentrations of AA, while COX-2 is the main active form at low concentrations. 

(4) Prostaglandins are characterised by an extremely short half-life, which allows 

them to signal at short distances. The spatial pattern of expression of 

prostaglandin synthases and receptors ensures that only some cell types will 

respond to PG signalling.  

All together, these features allow a separation of the functions overseen by COX-1 and 

COX-2. The main products of COX-1 activity are TXA2 in platelets and PGI2 in endothelial 

cells and gastric mucosa, where they oversee physiological functions. Conversely, COX-2 

mediates the synthesis of PGE2 during conditions such as inflammation, infection, 

mechanical or sheer stress.  

 

 Biosynthesis of prostanoids 1.2.2.2

1.2.2.2.1 Thromboxane A2 (TXA2) 

TXA2 is the main COX-1 derived prostanoid in blood. Its synthesis relies on the coupled 

activity of COX-1 and TXA2 synthase (TXAS) in a number of cell types. The interaction of 

TXA2 with the 7-transmembrane G-coupled TXA2 receptor (TP) leads to the activation of 

different G proteins and various cellular responses, summarised in section 6.1.2.1 and 

Figure 6.1. 

The most active site of TXA2 synthesis is platelets, which start the de novo generation of 

TXA2 from AA upon a pro-coagulant stimuli (e.g. collagen, thrombin and ADP). TXA2 then 

interacts with TP receptor on the platelet plasma membrane, inducing platelet activation 

and aggregation in an autocrine and paracrine manner. 
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Additionally, TXA2 can be synthesised by extra-platelet nucleated cells and can signal to a 

range of cells expressing TP receptor, which has a wide distribution in the cardiovascular 

system. In physiological conditions monocytes and alveolar macrophages express 

exclusively COX-1 and can synthesise small amounts of TXA2, which is the most 

abundant prostanoid generated by non-stimulated monocytes346,347. TXA2 synthesis by 

these immune cells is increased upon inflammatory stimuli, when COX-2 over-expression 

is believed to drive TXA2 synthesis. Endothelial cells and vascular smooth muscle cells 

also respond to TXA2 by leading to vasoconstriction and endothelial activation (see the 

Introduction to Chapter 6 for details). Finally, TXA2 is involved in the contraction and 

proliferation of bronchial smooth muscle cells, thus overseeing functions in the respiratory 

system. 

 

1.2.2.2.2 Prostacyclin (PGI2) 

PGI2 is produced by both COX-1 and COX-2 through their coupling with PGIS activity. 

PGI2 signals to its 7-membrane spanning G-protein coupled receptor IP on a variety of cell 

types, mediating mostly physiological functions.  

In the cardiovascular system PGI2 is a central regulator of homeostasis and its production 

is mainly localised in endothelial cells. Historically COX-2 was considered the only isoform 

responsible for PGI2 production348,349. Recent evidence has challenged this belief by 

showing that under physiological conditions COX-1 drives the synthesis of PGI2 by 

endothelial cells333,350. PGI2 inhibits platelet activation and maintains platelets in a 

quiescent state351. Additionally, PGI2 signals to vascular smooth muscle cells to induce 

vasodilation and inhibition of proliferation; PGI2 signalling on leukocytes inhibits their 

adhesion to endothelial cells352. Thus, PGI2 is a central regulator of vascular homeostasis 

and counterbalance the effects of pro-thrombotic TXA2
353.  
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In the GI tract, PGI2 prevents ulcers of the gastric mucosa through a process defined as 

gastric cytoprotection. Although the underlying mechanisms have not been elucidated, it 

appears that PGI2-mediated cytoprotection depends on the increase of blood flow and the 

inhibition of leukocyte recruitment354-356, possibly through a similar signalling to the 

cardiovascular system. Interestingly, a similar cytoprotective mechanism has been found 

in the brain, where PGI2 prevents neuronal damage357. 

Although PGI2 oversees mainly physiological and cardiovascular functions, in vivo studies 

have shown its implication in the progression of the inflammatory response358. Although 

the mechanisms are not yet understood, this effect might depend on the induction of 

vasodilation and the recruitment of immune cells to the site of inflammation. 

 

1.2.2.2.3 Prostaglandin E2 (PGE2) 

PGE2 is the main product of COX-2 activity and derives from the coupled activity of COX-

2 and PGE2 synthase (PGES). Released PGE2 interacts with its G-protein coupled 

receptor EP, which exists in 4 isoforms (EP1-4). COX-2 is constitutively expressed by few 

cell types, mainly monocytes and their tissue-resident descendants (i.e. osteoclasts and 

microglia) and neurons, where it induces PGE2 production to mediate physiological 

functions. For example, PGE2 induces the hyperpolarisation nociceptive neurons, 

mediating the transduction of pain sensation359. Additionally, COX-2 expression and PGE2 

synthesis in these cells and other cell types (e.g. endothelial cells) is induced in 

pathological situations such as inflammation, wound healing and mitogens. In these 

situations, PGE2 oversees primarily inflammatory functions. 

The contribution of PGE2 to the inflammatory response is substantiated by the genetically 

modified animal models, where the knockout of PGES prevents a variety of inflammatory 

diseases360. During the inflammatory response, PGE2 plays a central role in the 

recruitment and modulation of immune cells361. On the one hand, PGE2 induces 
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vasodilation and vascular permeability, thus promoting the influx of immune cells. More 

directly, PGE2 signalling induces the release of IL-23 by DCs and, synergistically, 

activates CD4+ T helper cells to expand and differentiate to a IL-17-producing phenotype 

(Th17)362-364. In turn, IL-17 recruits more monocytes and neutrophils364. Additionally, PGE2 

regulates the production of pro-inflammatory IL-6 and TNF-α by monocytes/macrophages, 

DCs and T cells365. Concomitantly, PGE2 induces IL-10 release by BMDCs, which is 

involved in the resolution of the inflammatory response365. 

 

1.2.3 Pharmacokinetics of aspirin 

After oral administration, 50% of aspirin is absorbed in the stomach by passive 

diffusion337. Aspirin has a half-life of 15-20 minutes in plasma337 because it is rapidly 

hydrolysed to salicylic acid (SA) by local esterases in the intestinal wall, liver and 

circulation. SA has a longer half-life of 3-20 hours, a time that positively correlates with the 

dosage366. SA is then directly excreted (~6%) or further metabolised and excreted as 

salicyluric acid (SUA, ~75%) or salicyl glucoronides (SGs, ~19%)366,367. ASA reaches 

much higher concentrations in the circulatory system than in the systemic tissues, hence 

blood cells are subject to higher doses. Since platelets are anucleate, they cannot 

synthesize new functional COX-1, thus aspirin effect on them is lifelong and new platelets 

must be generated to recover functionality337.  

Together, the pharmacology of aspirin explains why different doses have different effects 

on the body. At low doses (75-100 mg/day) aspirin acts mainly on platelets, triggering a 

COX-1-dependent, long lasting, anti-thrombotic response with extra-platelet targets 

minimally affected. At medium doses (325 mg/day) aspirin penetrates the gastro-intestinal 

mucosa and vascular endothelium, where COX-2-derived PGI2 levels are reduced, 

resulting in analgesic, anti-pyretic and mild anti-inflammatory effects. The inhibition of 

PGE1 induces anti-pyretic effects while the inhibition of PGE2 is responsible for the anti-
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inflammatory effects of the drug344. High doses of aspirin (generally no more than 1.2 

g/day) are used to control chronic inflammatory diseases by inhibition of COX-2 and 

subsequent reduction of PGE2 and PGI2 in the inflammation site337.   

At clinical doses aimed at achieving an anti-inflammatory and analgesic effect, aspirin 

inhibits both COX-1 and COX-2, thus causing the common side effects such as gastric 

lesions and internal bleeding. These effects are due to the inhibition of COX-1 in platelets 

and in the gastric mucosa, leading to reduced levels of pro-thrombotic TXA2 and 

cytoprotective PGI2, respectively. In order to overcome this problem, a new class of 

selective COX-2 inhibitors (coxibs) was launched and used in clinical trials. However, 

some of those inhibitors (i.e. rofecoxib) were associated with a high rate of cardiovascular 

morbidity such as myocardial infarction. It has been postulated that such effects depend 

on the reduction of COX-2 dependent PGI2 production, which acts as an anti-coagulant 

and vasodilator. Lower levels of PGI2 and the disrupted balance with TXA2 lead to 

thrombogenesis, elevated blood pressure and may lead to cardiovascular casualties335, 

suggesting that aspirin might be a safer choice to maintain this balance.  
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1.3 EFFECTS OF ASPIRIN ON CANCER AND METASTASIS 

During the past 50 years, a growing body of literature has shown that aspirin has a 

protective role towards cancer and metastasis development. Both experimental studies 

and clinical trials have contributed to such evidence, suggesting a universal effect of 

aspirin on cancer. 

 

1.3.1 Experimental studies 

A number of experimental studies have reported a reduction in the incidence368,369 and in 

the growth of tumours370-375 in mice treated with aspirin. These effect have been attributed 

to various mechanisms: decrease of tumour cells proliferation371,373, angiogenesis373, 

impairment of recruited immune cells376,377 and an increase in apoptosis368,372, although no 

effect on apoptosis, proliferation or recruitment of immune cells is achieved at low-doses 

of aspirin378. 

More relevantly to our project, aspirin has also been associated with the reduction of 

metastasis in experimental studies. The idea that aspirin could be inversely associated 

with metastasis was brought up for the first time in 1968 by Gasic244, who observed that 

thrombocytopenic rats, treated with neuraminidase, formed a reduced number of lung 

metastases and this anti-metastatic effect could be rescued by the infusion of platelets-

rich plasma (PRP), an early evidence of platelets contribution to metastasis. Five years 

later, Gasic and collaborators confirmed this finding by showing that the inhibition of 

platelet aggregation achieved through aspirin treatment dramatically reduced the number 

of lung metastases243. The anti-metastatic effect of aspirin was clear in both experimental 

and spontaneous metastasis models.  

Following Gasic’s seminal work, other studies on animal models demonstrated that aspirin 

reduced experimental metastasis development from different types of tumour cells or 

primary tumours379-386 384,387,388. Although some evidences did not show an association 
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between aspirin treatment and metastases reduction 247,389-391, the majority of studies 

indicate a clear effect of aspirin treatment on metastasis development, an effect that is 

conserved in different species and tumour cell models. 

 

1.3.2 Clinical studies 

 Observational studies 1.3.2.1

Following up on experimental studies, a series of observational studies (case-control or 

cohort) have been made to understand the association between aspirin and cancer392-407. 

These studies evaluated the incidence of cancer diagnosis in cancer free participants 

undergoing aspirin/NSAIDs treatment for other diseases, mainly cardiovascular. Although 

these studies differed in their strategy, examined population, doses of aspirin (81 mg to 

1200 mg/day) or type of cancer, the general trend was a 20-50% reduction in the risk of 

cancer and cancer-related mortality attributable to aspirin use, with a pooled odds ratio 

(OR) of 0.80 (95% CI 0.73-0.87, p<0.0001)408. This reverse association was seen for 

overall cancer and for prostate cancer403,404,409, breast cancer398,400,402,406,407, lung 

cancer398,402,406 and, in particular, colorectal cancer 394,396,397,399,405,406, for which the pooled 

OR was 0.62 (95% CI 0.58-0.67, p<0.0001)410. No effect was seen for melanoma411. 

Overall, the data suggested that aspirin was effective since at low-medium doses (100-

325 mg) per day and the increase of dose did not show additional benefit400,402. Moreover, 

the cancer prophylactic effect of aspirin correlated with the duration of treatment and, in 

most cases, was significant after 10-20 years of treatment399,401,402. 

 

 Randomised clinical trials 1.3.2.2

The results from observational studies might be biased by confounding factors such as 

lifestyle, other diseases or diverse treatment regimes. Thus, more conclusive evidence of 
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the causal relationship between aspirin and cancer was determined through randomised 

controlled trials, where aspirin or placebo was allocated for the treatment of 

cardiovascular diseases, and patients were retrospectively monitored and followed-up for 

the diagnosis of cancer412-420. Since treatment of cancer was not the primary purpose of 

these trials, with the exception of the CAPP2 trial420, the treatment regimes were not 

homogeneous. 

Several randomised trials showed a protective effect of aspirin on the recurrence of 

colorectal adenomas (precursor of neoplastic adenomas) and advanced colorectal 

adenomas, even at 1 year after randomisation415-418. Additionally, aspirin treatment was 

associated with a reduced incidence of cancer-related deaths413,419,421 and a significant 

reduction in the incidence of colorectal cancer, starting 5-10 years after 

randomisation408,420. Interestingly, there was no increase in efficacy between lower and 

higher doses in the same trials in terms of benefit on cancer prevention418,419. 

However, the two largest clinical trials failed to show an effect of aspirin on primary 

prevention of cancer, mainly colorectal. In the Physicians’ Health Study (PHS)414,422 and 

the Women’s Health study (WHS)412, which collectively recruited more than 60000 

physicians and nurses, aspirin did not affect the risk of cancer appearance or cancer 

mortality over a period of 5 or 10 years, although an effect on colorectal cancer was seen 

after 16 years of treatment in the WHS post-trial follow up423. These results highlighted the 

fact that chemo-preventive effect of aspirin is expected to be seen after 10 years of follow-

up. This latency is compatible with the whole genesis of adenoma-carcinoma sequence, 

expected to last 10-15 years408. Interestingly, in PHS and WHS studies aspirin was 

delivered every second day, a regime not commonly employed by other trials. 

Considering the short half-life of aspirin and the ability of cells to regenerate functional 

COX-1 and COX-2, this regime might not have been sufficient to achieve a sustained 

systemic inhibition of COX. Thus, the limitations of these studies could have been a short 

follow up or the lack of chronic treatment. 
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The inconsistency among clinical trials have been partially addressed by their meta-

analysis, where multiple randomised trials are pooled together and analysed on the basis 

of common criteria, such as cancer type, treatment regime etc. These meta-analyses 

equally showed a significant prophylactic effect of aspirin on different cancer types, in 

particular in the GI tract424,425.  

 In particular, Rothwell et al.426 pooled together all eligible randomised trials on aspirin and 

found a reduction of cancer-related deaths (odds ratio, OR, 0.85, 95% CI 0.76-0.96, 

p=0.008) and of the incidence of all cancers (hazard ratio, HR, 0.88, 95% CI 0.80-0.98, 

p=0.017), with the highest benefit in patients receiving treatment for 5 years or longer. 

This meta-analysis confirmed that the reduction in incidence of colorectal cancer could be 

seen from after 10 years post-randomisation408, suggesting an effect of aspirin on the 

carcinogenic process. In a concomitant meta-analysis, the same group showed that the 

effect of aspirin on mortality and cancer incidence (colorectal cases) was present since 

low doses (75 mg/day) and no benefit was associated to the allocation to medium (300 

mg/day) or high doses (500-1200 mg/day)427. 

 

 Clinical trials on the effect of aspirin on metastasis 1.3.2.3

The data from the observational studies and randomised clinical trials indicated that 

aspirin was effective in reducing the long-term cancer incidence, although additional 

benefits of aspirin treatment appeared short-term. Indeed, aspirin decreased the cancer-

related mortality within 2-3 years from randomisation and, overall, the effect on cancer-

related death was more pronounced than the effect on cancer appearance428, which 

suggested an effect on cancers not diagnosed at the beginning of the study. These 

observations prompted Rothwell and collaborators to investigate the association of aspirin 

with other parameters such as tumour growth and metastasis. The systematic review of 

case-control studies showed that the regular use of aspirin reduced the proportion of  



CHAPTER 1 - Introduction 

 55 

 

Figure 1.7 – Effect of aspirin on risk of distant metastasis in clinical trials. 

(A) Proportion of metastatic cancers and risk of distant metastasis (odds ratio, OR) between aspirin 
users and non-users, evaluated in 5 observational studies. Adapted from Algra et al.410, with 
permission. 

(B) Risk of metastasis (hazard ratio, HR) from any in-trial diagnosed cancer, evaluated in the meta-
analysis of five randomised trials of aspirin versus control. Metastasis are categorised as distant 
(definite blood-bourne metastasis in known distant tissues) or unspecified (metastasis with no 
record of the secondary site). Adapted from Rothwell et al. 428, with permission. 

(C) Risk of cancer-related deaths (adenosarcoma) in five randomised trials of aspirin versus 
control, stratified as low dose (<300 mg/day) or high dose (≥300 mg/day) in all cases of metastasis, 
both evident or not at the initial diagnosis. Adapted from Rothwell et al.428, with permission.   
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metastatic cancer (OR 0.69, 95% CI 0.57-0.83, p<0.0001) (Figure 1.7A)410. Similarly, the 

meta-analysis of 5 UK-based randomised trials showed an effect of aspirin in reducing the 

risk of metastatic cancer (HR 0.64, 95% CI 0.48-0.84, p=0.001, Figure 1.7B) and the risk 

of developing metastasis for in-trial cancer cases (HR 0.45, 95% CI 0.28-0.72, 

p=0.0009)428. This effect was homogeneous and significant on a range of distant 

metastasis, including brain, lung and liver metastasis from different types of primary 

tumours, with a more prominent effect in patients with adenocarcinoma and, in particular, 

colorectal cancer. Moreover, aspirin decreased the overall cancer- and metastasis-related 

mortality (HT 0.71, 95% CI 0.57-0.9, p=0.004), in particular for adenocarcinoma. To note, 

all considered trials had daily aspirin regimes and trials of high-dose aspirin (>300 mg) did 

not show a benefit over low-dose aspirin (<300 mg) in terms of overall survival rate of 

adenocarcinoma patients. 

 

 Risk-benefit evaluation of prophylactic aspirin  1.3.2.4

Together, the results from meta-analysis of randomised trials suggest a protective effect 

of aspirin on cancer incidence and metastasis, which reduce the overall cancer mortality, 

in particular due to colorectal cancer. These findings have important implications for the 

prevention and treatment of cancer. Hence, the overall risk-benefit of aspirin 

administration needs to be carefully evaluated. 

The most severe side effects associated with aspirin treatment are internal bleeding, 

comprising haemorragic strokes and, more commonly, extracranial bleeds, especially in 

the gastrointestinal tract429,430. According to primary prevention trials, aspirin allocation 

would account for 0.10% increase of extracranial bleeding431.   Gastrointestinal bleeding is 

also the most lethal side effects, accounting for 3.6 events per 10000 people treated with 

aspirin for a year. Other events, such as peptic ulcers, are associated with aspirin 

treatment although the rate and fatality are low below the age of 70432.  
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On the other hand, allocation to aspirin results in an overall 7-9% reduction of cancer 

(women-man) and cardiovascular cases in people taking aspirin for 10 years430. Among 

people who benefit from aspirin allocation, 61-80% would have a reduction of cancer 

incidence, particularly in the case of colorectal cancer430. Moreover, mortality would 

decrease of 9-13% (women-men), with higher benefits from treatments longer than 5 

years430,433. This reduction is almost completely dependent on a reduction of cancer-

related deaths (89-96%). According to the available data, aspirin would also reduce the 

risk of developing distant metastasis, in particular for colorectal cancer (70% reduction), 

and decrease the risk of cancer-related death for both patients with and without 

metastasis at initial diagnosis (50% reduction for the latter)428. Concomitantly, aspirin 

reduces the risk of cardiovascular events (12% reduction), mainly strokes, myocardial 

infarction and coronary heart disease431. 

Are we then ready to prescribe aspirin as a prophylactic or adjuvant therapy? The overall 

benefit-harm balance of aspirin in the prevention of cancer is favourable, in particular for 

patients between 55 and 65 years of age430. However, the latency of this effect (5-10 

years of more) would imply a long term treatment of patients with low-medium doses of 

aspirin, which would hypothetically lead to a 15.4% increase in risk of upper 

gastrointestinal symptoms in aspirin-allocated patients434. The cancer incidence in the UK 

is 0.73% of the general population 

(http://publications.cancerresearchuk.org/cancerstats/statsincidence/dtincrates.html). To 

date, no predictive biomarkers are available for patients at risk of developing side effects, 

who will not benefit from aspirin prophylaxis. Moreover, it would be challenging to address 

the effect of aspirin in cancer prevention through Phase III trials, mainly because of the 

number of participants required and the length of follow-up. Hence, aspirin is still not 

generally recommended as prophylactic therapy for the prevention of cardiovascular 

disease and cancer in the general population. 
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Nevertheless, aspirin treatment could be beneficial as adjuvant therapy in higher risk 

groups, in particular people with cancer. On this line, a series of phase III clinical trials, 

started or upcoming, will help to understand the role of aspirin treatment in stratified 

groups of cancer patients434. In particular, an international Phase 3 trial coordinated by the 

Medical Research Council (MRS) has been recently started (ADD-ASPIRIN, 

http://www.addaspirintrial.org), which will recruit 10000 patients with several common 

cancers (colorectal, breast, prostate, gastro-oesophageal) across the UK and India. This 

double-blind placebo controlled trail will test the effects of low (100 mg/day) and ‘high’ 

(300 mg/day) doses of aspirin on the recurrence of cancer after surgery, chemotherapy or 

radiotherapy and the appearance of metastasis.  

 

1.3.3 Understanding the anti-metastatic effect of aspirin through experimental 

studies  

A wide range of experimental studies, both in vitro and in vivo, have attempted to give a 

mechanistic explanation of the anti-metastatic effect of aspirin. Despite the large number 

of published papers, the mechanism underlying the anti-metastatic effect of aspirin 

remains elusive. Here we review the challenges encountered in designing relevant 

experimental studies and the obtained results aimed at understanding metastasis 

prevention by aspirin. 

 

 Doses of aspirin in animal studies  1.3.3.1

Aspirin was first synthesised and introduced in the clinic in 1897321, in a time when its 

clinical effects, but not its pharmacology, were known. The first insights into the 

mechanism of action of aspirin were obtained by Vane in 1971324, almost a century after 

its commercialisation. In the years following Vane’s discovery, other evidence contributed 

to the understanding of the mechanism of action, and side effects, of aspirin and this 
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knowledge is still expanding in the present day. In this sense, aspirin represents one of 

the few drugs where the clinical trial preceded the investigation of its mechanism of action.  

Aspirin has a rather complex pharmacology, where different doses achieve distinct 

pharmacological effects. Therefore, in vivo models, rather than in vitro ones, are often 

more informative of its systemic and multi-organ effects. The most challenging part of 

aspirin dosage has not been the determination of the human equivalent dose (HED)435, 

but rather the animal equivalent dose (“AED”). Considering the importance of dose 

stratification in the clinic, the choice of an AED is of particular importance in order to draw 

valuable conclusions. It has been a common practice to use linear dosage conversion 

factors based on body weight conversion435-437 or to select an arbitrary dose not 

associated with toxic effects379,380. As a consequence, in the past 50 years aspirin has 

been used in experimental studies at a wide range of doses (1.25-1000 mg/kg per day) 

mainly in mice243,375,379,385,436-441. However, the rate of drug absorption, metabolism and 

excretion, as well as the required frequency of treatment and delivery route can 

dramatically differ between species.  

One valuable approach for the allometric translation of drug doses between species is the 

use of body surface area (BSA) normalisation method, which advocates the use of mg/m2 

instead of mg/kg as dose unit. Such method derives from the observation that basal 

metabolism and biological parameters (such as blood volume, plasma proteins and renal 

function) are similar between mammalian species if normalised for their body surface. 

Thus, scaling drug doses on the basis of BSA method takes in consideration the size-

related differences in physiology435. For example, according to the BSA conversion, mice 

(0.007 m2) should take a 13 times higher dose of a drug in order to achieve the same 

dosage to humans (1.6 m2), providing that the same administration regime is maintained. 

However, the suitability of this translation method relies on the assumption that the 

pharmacokinetics and mechanism of action of a drug is conserved between species. 

Taking for example aspirin, COX-1 and COX-2 have identical catalytic residues in mice 
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and humans but share a 90% homology, which could potentially be translated into a 

different rearrangement of the COX channel, leading to a different efficiency of aspirin 

inhibition. Moreover, it is not known if the absorption, distribution, metabolism and 

excretion (abbreviated as ADME)442 parameters of aspirin are conserved between man 

and mouse. In this situation, the mere use of BSA conversion to extrapolate a dose from 

human to mice might be inappropriate or lead to incorrect assumptions. 

 

 Confounding targets 1.3.3.2

Aspirin shows different pharmacological properties at different doses, mainly dependent 

on the inhibition of COX-1 and COX-2. Additionally, COX-independent targets have been 

identified in vitro and in vivo. For instance, aspirin is known to inhibit the activity of IκB 

kinase (IKK) ß, preventing the degradation of IκB and the activation of the transcription 

factor NF-κB443-445. The repression of NF-κB activity by aspirin has been associated with 

the reduced expression of E-cadherin, ICAM-1 and VCAM-1, which are adhesion 

molecules involved in metastasis, with the repression of apoptosis and with the 

development of chemoresistance. Additionally, aspirin was found to induce apoptosis of 

cultured tumour cells through the permeabilisation of the mitochondrial membrane, which 

induces the release of cytochrome c and the activation of caspases446,447, the regulation of 

pro- and anti-apoptotic proteins448-450, and the inhibition of ERK451 and Wnt/ß-catenin 

pathways.  

Several experimental studies have investigated the molecular mechanisms of aspirin anti-

metastatic effect, showing that aspirin could interfere with different steps of the metastatic 

cascade380,383,384,452-456. In most of these studies, the effect of aspirin was attributed to 

COX-independent targets. Although these mechanisms of action could contribute to the 

anti-metastatic effect of aspirin, some evidence suggests that COX-dependent targets 

could be more relevant. 
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(1) Both chemopreventive and anti-metastatic effects of aspirin have been observed in 

cardiovascular trials (75-300 mg/day) and the increase of dose did not show any 

further benefit427,428, compatible with a sustained inhibition of COX-dependent 

targets. According to the BSA conversion system, these doses would correspond 

to 12.5-50 mg/kg/day of aspirin administered to mice. Moreover, oral 

administration of 100-300 mg of aspirin in humans leads to plasmatic peak of 4-50 

µM337,457,458, which are expected to be the highest systemic doses.  

(2) COX-independent inhibition of NF-κB and ERK signalling pathway and the 

induction of apoptosis have been reported in vitro at millimolar concentrations of 

aspirin443,444,459, which are at least 5 times above the peak plasmatic concentration 

in patients. 

(3) Lower doses of NSAIDs, used at concentration that inhibit COX-1/-2, are not 

sufficient to inhibit apoptosis in vitro459 or in vivo378.  

These observations suggest that COX inhibition remains the most plausible mechanism of 

metastasis prevention by aspirin.  

 

 Contribution of COX-1 and COX-2 to experimental metastasis 1.3.3.3

COX-1 and COX-2 can contribute to the development of metastasis through different 

mechanisms. 

COX-2 has a well-documented pro-tumorigenic role. In fact, COX-2 has been found 

overexpressed by several tumour cells and tumour samples, particularly of colorectal 

origin,460-465 and has been found involved in the early progression of colorectal 

adenocarcinoma. Moreover, the overexpression of COX-2 in the mammary tissue is 

sufficient to induce the development of tumours466. COX-2 has also a documented pro-

metastatic role and its expression levels correlates with poor prognosis467 and 
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experimental metastasis468. The inhibition of COX-2 decreases metastasis in a number of 

models469-471. Both the pro-tumorigenic and pro-metastatic effect of COX-2 might be 

attributed to its main product PGE2. COX-2:PGE2 expression by tumour cells mediates 

evasion from apoptosis472, increased survival473-476, sustained growth477,  vascular 

permeabilisation460, angiogenesis478-480, evasion of the immune response361,481,482, 

migration483 and invasion460,484. More generally, PGE2 mediates the engagement of the 

inflammatory response, which has been recently recognised as one hallmark of cancer, 

and can promote metastasis through multiple mechanisms485,486. 

To the best of our knowledge, COX-1 has not been directly implicated in the development 

of metastasis, possibly due to its constitutive expression in most cell types. Nevertheless, 

COX-1 expression by platelets is involved in their aggregation and association with 

tumour cells, and its inhibition by aspirin reduces TCIPA in a series of tumour cell 

lines243,386,487,488. The pro-metastatic role of TCIPA thrombosis is well established (see 

section 1.1.4.1). In favour of COX-1 contribution to metastasis, the anti-metastatic effect of 

aspirin was seen at low-dose clinical trials (75-300 mg), consistent with an anti-thrombotic 

effect and low systemic bioavailability. This treatment regime is not compatible with a 

sustained systemic inhibition of COX-2, which could only be achieved by higher doses 

and more frequent intake of aspirin (e.g. 650 mg of aspirin, three or four times a day)337. 

In conclusion, the relationship between aspirin and cancer/metastasis is not as linear as it 

had been initially thought. The uncertainty regarding the basis of the anti-metastatic effect 

of aspirin relies on the wide range of molecular targets of aspirin, a range that varies 

depending on the employed dose. Thus, the mechanism of metastasis prevention by 

aspirin should be investigated at clinically relevant doses.  
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1.4 AIM OF THE PROJECT 

The aim of this project is to investigate the molecular mechanisms underlying the anti-

metastatic effect of aspirin, an effect seen in several clinical trials. We hypothesize that 

this effect depends on the inhibition of COX-1 and/or COX-2, both of which can play a 

permissive role in metastasis development. The relative contribution of COX-1 and COX-2 

to metastasis will be addressed in an experimental model of metastasis through the use of 

aspirin or selective COX inhibitors or, alternatively, genetically modified mouse models. In 

particular, we will examine the dose, kinetics and downstream effectors of metastasis 

inhibition by aspirin. Overall, this investigation will help to gain new mechanistic insights 

into the metastatic cascade. Moreover, by tentatively extrapolating our results to the clinic, 

it will contribute to understanding the possible application of aspirin or alternative selective 

drugs as prophylactic or adjuvant therapy in the prevention of metastasis.  
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2.1 IN VITRO ASSAYS 

2.1.1 Cell culture 

2.1.1.1 Cell lines and culture conditions 

B16F10 murine melanoma cells were cultured in RPMI 1640 medium (Sigma-Aldrich) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 2 mM L-

glutamine, 25 mM HEPES, 50 U/mL Penicillin and 5 µg/mL Streptomycin (all from Thermo 

Fisher Scientific). 4T1 murine breast cancer cells, MC-38-GFP murine colorectal cancer 

cells and MDA-MB-231 human breast cancer cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Sigma-Aldrich) supplemented with 10% FBS, 50 U/mL Penicillin 

and 5 µg/mL Streptomycin, in a 5% CO2 humidified atmosphere at 37˚C. MC-38-GFP cells 

were grown under selection with 5 µg/mL puromycin. B16F10 cells were obtained from Dr 

Ali Amirkhosravi from Prof J.L. Francis’s lab, Florida Hospital Cancer Institute, Orlando258. 

4T1 and MC-38 cells were purchased from the American Type Culture Collection (ATCC). 

MDA-MB-231 cells were a kind gift from Prof A.J. Ridley’s lab, King’s College London. For 

passaging, cells were washed twice with PBS, incubated for 5 minutes with Versene 

(B16F10) (Thermo Fisher Scientific) or Trypsin-EDTA 0.05% solution (all other cell lines) 

(Sigma-Aldrich) in a 5% CO2 humidified atmosphere at 37˚C and then harvested with 

complete growth medium. All cell were used within 20 passages from thawing and were 

routinely tested for mycoplasma contamination by using MycoAlert Mycoplasma Detection 

Kit (Lonza Group, Ltd.). 
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2.1.1.2 Tumour cell staining 

Exponentially growing B16F10 cells were stained with Celltracker blue CMAC, orange 

CMRA or green CMFDA dyes (Thermo Fisher Scientific), following the manufacturer’s 

indications. Briefly, CMAC, CMFDA and CMRA were resuspended in DMSO at 10 mM. 

B16F10 at 50-60% confluence were incubated for 30 minutes in a 12.5 µM solution of the 

dye in FBS-free RPMI medium in a 5% CO2 humidified atmosphere. Following the 

removal of staining solution, cells were incubated for additional 30 minutes in FBS-free 

RPMI medium. Medium was then changed to complete RPMI and cells were used for the 

intended experiment.  

 

2.1.1.3 Drug treatment 

B16F10 tumour cells were grown for 24 hours and incubated with the indicated doses of 

ASA, added to the medium as DL-lysine acetylsalicylate (AspégicTM injectable, Sanofi 

Aventis), SC-560, NS-398 (Cayman Chemical). Equal volumes of vehicle (H2O for ASA, 

DMSO for SC-560 and NS-398, ethanol for PICO) were used as controls. The doses of 

drugs for in vitro studies were chosen on the basis of the expected plasmatic 

concentration in mice, calculated according to the bioavailability and excretion parameters 

in humans. Since the same pharmacokinetic measurements are not available for mice, we 

assumed that these parameters would be comparable in mice and humans. 

 

Table 2.1 – Doses of COX inhibitors used in vitro. 

Doses of ASA, SC-560 and NS-398 for in vitro studies were calculated as expected plasmatic dose 
on the base of aspirin pharmacokinetic parameters in humans. 
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2.1.1.4 Isolation and culture of lung microvascular endothelial cells 

Lung microvascular endothelial cells were isolated as previously described489, with a 

modified protocol. In brief, lungs were isolated from 3 C57BL/6 mice (as described below) 

under sterile conditions and placed under a laminar flow hood. Lungs were dissected into 

2-mm3 blocks and digested in a 0.5 mg/mL collagenase solution (Thermo Fisher 

Scientific) for 1 hour at 37°C, with intermittent agitation. Digested lungs were filtered 

through a 70 µm cell strainer (Thermo Fisher Scientific) with PBS to remove undigested 

debris. Cell suspension was centrifuged at 210 xg for 5 minutes and washed twice with 

PBS supplemented with 2.5% (v/v) FBS (PBS-2.5%FBS) at RT. For sorting, cells were 

counted and incubated in blocking solution (10 µg/mL murine IgG in ice-cold PBS-

2.5%FBS) for 30 minutes at 4°C. After one wash in PBS-2.5%FBS, cells were stained for 

30 minutes at 4°C with labelled primary antibodies diluted to 1 µg/mL in ice-cold PBS-

2.5%FBS: anti-Isolectin-B4-FITC (L2895, Sigma-Aldrich), anti-CD31-PE (102408, 

Biolegend) and anti-CD105-APC (120414, Biolegend). Cells were then washed in ice-cold 

PBS supplemented with 0.5% (v/v) FBS (PBS-0.5%FBS) and filtered through a 35 µm 

mesh (BD Bioscience) to prepare a single cell suspension. After setting fluorescent 

compensation with single-stained controls, Isolectin-B4+CD31+CD105+ cells were sorted 

(sorting was performed by Dr A. Worth) and seeded in a T-25 flask coated with gelatin 2% 

(Sigma-Aldrich) in an enriched DMEM medium [20 mM HEPES, 50 U/mL Penicillin and 5 

µg/mL Streptomycin, 1x MEM Non-essential Amino Acid Solution, 1 mM Sodium pyruvate, 

50 µM 2-mercaptoethanol, 12 U/mL heparin, 20% v/v FBS and Endothelial Cell Growth 

Supplement (Sigma Aldrich)] (all from Thermo Fisher Scientific, if not differently specified). 

Before the first passage, LMVECs were grown for 3 weeks, changing medium every 2-3 

days. LMVECs were then passaged when they reached 90% confluence and kept in 

culture for no longer than 10 passages. 
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2.1.1.5 Western blotting 

Cells were harvested as described above and washed twice with PBS. The cell pellet was 

then snap frozen in liquid nitrogen and stored at -80°C. Cell lysates were obtained by 

resuspending the cell pellet in RIPA buffer (Sigma-Aldrich, 80 µL/106 cells) supplemented 

with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Cells were incubated with 

lysis buffer for 30 minutes on ice and vortexed every 5 minutes. Cell lysates was 

centrifuged at 10000 xg for 10 minutes at 4°C and the supernatant was collected for the 

quantification of protein concentration through PierceTM BCA protein assay (Thermo 

Fisher Scientific), following the manufacturer’s instructions. Proteins (20 µg) were 

resuspended in 1x loading buffer (RunBlue, Expedeon Protein Solutions), denaturated at 

100°C for 5 minutes and separated by SDS-PAGE on NuPage NovexTM 4-12% Bis-Tris 

gels (Thermo Fisher Scientific). Gels were electroblotted on Immobilion®-P PVDF 

membranes (Merck Millipore), previously activated in 100% methanol (Sigma Aldrich) 

following the manufacturer’s instructions.  Membranes were then blocked and blotted with 

the primary antibodies: anti-COX-1 (ab109025, Abcam, 1:1000 in 5% milk, overnight at 

4°C), ant-TP (sc-30036, Santa Cruz biotechnology, 1:500 in 5% milk, overnight at 4°C), 

anti-TXAS (ab39362, Abcam, 1:500 in 5% milk, overnight at 4°C) and anti-beta actin 

(ab8227, Abcam, 1:10000 in 5% BSA [Sigma], 1½h at RT). Between steps, membranes 

were washed with TBST, which consists in TBS (Tris-buffered saline) [50 mM Tris.HCl, pH 

7.4 and 150 mM NaCl, prepared in house] supplemented with 0.05% TWEEN® 20 (Sigma 

Aldrich). Bands were revealed by incubation with species-specific secondary antibodies 

conjugated with HRP (Thermo Fisher Scientific, 1:2000-1:10000 dilution, 1h at RT), 

followed by detection of chemiluminescent signal through ECL kit (Amersham) and 

imaging at LI-COR Odyssey Fc system.  
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2.1.2 Platelets assays 

2.1.2.1 Blood collection 

For studies requiring platelet isolation, mice were sacrificed with an overdose of 

pentobarbital (intravenously) and blood was collected by cardiac puncture with syringes 

containing freshly prepared 3.2% (w/v) sodium citrate (Thermo Fisher Scientific) or ACD 

buffer [83 mM trisodium citrate, 111 mM dextrose, 71 mM citric acid] (all from Sigma-

Aldrich or Fisher Thermo Scientific), at 1:10 ratio to blood volume. Anticoagulated blood 

was kept under agitation until platelet isolation. 

 

2.1.2.2 Isolation of PRP 

Citrated blood was diluted 1:2 with Modified Tyrode’s Hepes (MTH) buffer [134 mM NaCl, 

0.3 mM NaH2PO4•2H2O, 3 mM KCl, 5 mM HEPES, 5 mM Dextrose, 2 mM MgCl2] (all from 

Sigma-Aldrich or Fisher Thermo Scientific) supplemented with 0.02 U/mL apyrase (Sigma 

Aldrich) and 0.25 µM PGE1 (Alprostadil, Sigma Aldrich). The suspension was centrifuged 

at 180 xg for 10 minutes at 22’C and the supernatant was collected as Platelet Rich 

Plasma (PRP). To isolate Platelet Poor Plasma (PPP), a portion of the remaining red 

blood cell pellet and interphase was centrifuged at 12000 xg for 2 minutes at RT and the 

supernatant was collected.  

 

2.1.2.3 Isolation of washed platelets 

Washed platelets were isolated prior to staining. Briefly, PRP was diluted with washing 

buffer [10%MTH v/v in dH2O, supplemented with 0.10% w/v NaHCO3, 0.20% w/v BSA and 

1 mM EGTA] and centrifuged at 1300 x g at 22˚C for 10 minutes. Platelet pellet was 

washed twice with washing buffer containing 0.25 µM PGE1 by centrifuging PRP at 1300 x 
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g at 22˚C for 10 minutes. Platelets were then counted in a Coulter counter (Beckman; 50 

µm aperture tube, 3-30 fL particles). 

 

2.1.2.4 Staining of platelets  

Platelets were adjusted to a concentration of 8x105 cells/µL in Washing buffer. Platelets 

were stained with PKH26 (Sigma) according to the manufacturer’s protocol. They were 

subsequently centrifuged at 1200 xg at 22˚C for 20 minutes and adjusted to the required 

concentration in PPP (adhesion and TEM assays) or Resuspension buffer [10%MTH v/v 

in dH2O, supplemented with 0.10% w/v NaHCO3 and 0.20% w/v BSA]. Concentrations of 

1.5x106 (ex vivo TCIPA assays)26,113, 9x106 (ex vivo whole lung imaging assays)26,113, 

1.2x106 (tumour cell adhesion assay) or 6x105 (tumour cell intercalation assay) 

platelets/µL were used in order to achieve a consistent ratio of platelets to tumour cells 

per unit of volume (1.2-1.5 platelets : tumour cells/µL).  

 

2.1.2.5 Ex vivo platelet aggregation on tumour cells (TCIPA) 

CMFDA-stained B16F10 cells were seeded at 104 cells/chamber in collagen I biocoated 

multichambers (BD Bioscience). The following day, 30x106 PKH26-stained platelets and 

ASA, SC-560 or NS-398 were added and incubated with tumour cells for 2 hours, fixed 

with 2% PFA (in PBS; Sigma) and mounted with Vectashield mounting medium containing 

DAPI (Vector Laboratories). When tumour cells were treated separately, they were 

incubated in RPMI supplemented with the drugs for 2 hours at 37°C, then they were 

washed twice with PBS and incubated with platelets. When platelets were treated 

separately, they were incubated in washing buffer supplemented with the drugs for 30 

minutes at 30°C. Platelets were washed twice in washing buffer and then added to tumour 

cells. 
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2.1.2.6 Agonist-induced platelet aggregation and quantification by flow 

cytometry 

Platelet aggregation was evaluated through a previously described method490 (Figure 2.1). 

Briefly, citrated PRP was incubated with the agonists AA (1 µM, Sigma-Aldrich), U46619 

(0.3 µM, Tocris) and ADP (1 µM, ChronoLog) or their vehicles in half-area-96-well 

microtiter plates, for a total volume of 50 µL/well. Immediately after agonist addition, 

platelet aggregation was achieved through the incubation PRP at 37’C for 5 minutes 

under 1 mm orbital shaking (Infinite m200 plate reader, Tecan). Aggregated PRP was 

diluted 1:8 with ACD buffer and labelled with anti-CD41-APC antibody (Biolegend, 1:160 

in PBS) for 30 minutes at 4’C. Samples were then diluted with formalin 0.1% in PBS 

(Sigma-Aldrich) and supplemented with 104 CountBright absolute counting beads 

(Thermo Fisher Scientific). Labelled platelet suspension was analysed at a FACSCalibur 

flow cytometer (BD Biosciences). Beads (FL1/SSC-H) were gated and platelets (FL4-

H/SSC-H) were acquired until the count of 100 beads was reached.  

Acquired data were analysed using FlowJo software version 7.6.5, through the generation 

of a gate around the population of single platelets in the FL4-H/SSC-H or or FL4-H/FSC-H 

plot. The total number of events was quantified and normalised to the number of beads, 

used as a surrogate measure of volume (Figure 2.1). The depletion of single platelets 

population is representative of platelet aggregation, and can be visualised through the 

appearance of a comet tail of platelet aggregates490. 
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Figure 2.1 – Schematic representation of the measurement of platelet aggregation through 
FACS. 

Platelet Rich Plasma (PRP) was aliquoted in 96-well microplates and mixed for 5 minutes at 37°C. 
Then, a sample of aggregated PRP was stained with anti-platelet CD41-APC antibody, fixed in 
formalin and supplemented with quantitative beads. Platelet suspension was analysed using a flow 
cytometer. To analyse platelet aggregation, the population of CD41+ cells was selected from an 
unlabelled sample. Platelets were gated in the non-stimulated sample, then counted and 
normalised to the number of enumeration beads. Platelet aggregation was evaluated as decrease 
of single platelet number. Notice the appearance of comet tail of platelet aggregates, as shown by 
zebra dot plots. Image adapted from Armstrong et al.490.   
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2.1.2.7 Intracellular Ca2+ mobilisation analysis  

The mobilisation of intracellular Ca2+ in platelets was performed as previously indicated491, 

with some modifications. Briefly, PRP was incubated for 45 minutes at 30°C in the 

presence of 3 µM Fura-2 AM (Thermo Fisher Scientific), previously dissolved in DMSO to 

a concentration of 1 mM, following the manufacturer’s instruction. Platelets suspension 

was supplemented with 0.25 µM PGE1. Then, platelets were spun down at 1300 xg for 10 

minutes and resuspended in MTH at 2x106 platelets/µL and aliquoted in a 96-well 

microplate (50 µL per well, for a total of 1x108 platelets per well). The plate was placed in 

a pre-warmed plate reader (37°C) and acquired for a total of 30 cycles of 9 seconds of 1 

mm orbital shaking, followed by fluorescence reading with excitation at 340/380 nm and 

emission at 520 nm. After 5 cycles the plate was ejected and 1 µM U46619 or vehicle 

(MTH buffer) were added in a volume of 1 µL per well, then reading was continued for the 

remaining 25 cycles. The concentration of intracellular Ca2+ was calculated from the ratio 

of 340/380 nm readings. 

 

2.1.3 Tumour cell adhesion and intercalation assays 

2.1.3.1 Tumour cells adhesion assay under flow 

1.5x104 LMVECs were seeded in each channel of a 6-channel µ-Slide IV0.4 (IBIDI), 

previously coated with 2% gelatin, and fresh growth medium was replaced at 30 minutes 

and 24 hours post-seeding. After two days, washed platelets were isolated from C57BL/6 

mice, labelled with PKH26 and treated with ASA (Medium dose), SC-560, NS-398 (Table 

2.1) or their vehicles for 30 minutes. Platelets were then washed with MTH buffer and 

resuspended in PPP. Concomitantly, LMVECs and exponentially growing B16F10 cells 

were treated with ASA, SC-560, NS-398 or their vehicles for 2 hours, washed twice with 

growth medium and resuspended with complete growth medium. B16F10 cells were then 

labelled with CMFDA and harvested. 3x105 CMFDA-labelled B16F10 and 60x106 PKH26-



CHAPTER 2 – Materials and methods 

 75 

labelled platelets were introduced in the flow channel under a shear pressure of 0.05 

dyn/cm2, which corresponds to the shear stress rate in brain capillaries492, controlled by a 

PHD2000 apparatus (Harvard). Real time adhesion was imaged for 10 minutes in one 

field of view (FOV) per channel through an epifluorescence microscope, equipped with an 

incubator that maintained a 5% CO2 humidified atmosphere at 37˚C. Then shear stress 

was increased to 1 dyn/cm2 and adhesion was acquired for additional 2 minutes. Pictures 

of 10 fixed fields of view were acquired before and after the increase of shear pressure. 

 

2.1.3.2 Tumour cells intercalation assay in static conditions  

3x105 LMVECs were seeded in each well of a 24-well plate, previously coated with gelatin 

2%, and fresh growth medium was replaced after 30 minutes and 24 hours. At 2 days 

after seeding, washed platelets were isolated from C57BL/6 mice, labelled with PKH26 

and resuspended with PPP. Concomitantly, exponentially growing B16F10 cells were 

labelled with CMFDA and harvested. Before acquisition, vehicles or drugs were added to 

the medium of LMVECs, just before the introduction of 5x104 CMFDA-B16F10 and 30x106 

PKH26-platelets. Intercalation was monitored in 3 fields of view per well for 15 hours 

through an epifluorescence microscope equipped with an incubator that maintained a 5% 

CO2 humidified atmosphere at 37˚C. Tumour cell intercalation was quantified visually from 

microscopic fields or through reconstruction of tumour cells surface and ellipticity (oblate) 

measurement at Imaris software (v8.2, Bitplane). 
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2.2 IN VIVO ASSAYS 

All animal procedures were carried out in accordance with the United Kingdom Animals 

(Scientific Procedures) Act 1986 and following local ethics review. 

 

2.2.1 Animal strains 

C57BL/6, BALB/c and SCID mice were purchased from Charles River Laboratories. 

Cx3cr1gfp/+ mice (B6.129P-Cx3cr1tm1Litt/J) were obtained from The Jackson Laboratory493. 

COX-1-/- mice are a kind gift from Prof T.D. Warner, The William Harvey Research 

Institute, Barts and the London School of Medicine and Dentistry, London. 8-10 week old 

female mice were used for in vivo experiments involving drug treatment and/or tumour cell 

injection, while older naïve mice with a C57BL/6 background were employed for blood 

withdrawal and platelet isolation.  

 

2.2.2 Drug treatment  

All drugs were administered through drinking water, given ad libitum and changed every 

second day. ASA was resuspended in sterile dH2O administered as DL-lysine 

acetylsalicylate. SC-560 was resuspended in DMSO and dissolved in water supplemented 

with 0.2% (v/v) polyethylene glycol 200 (PEG200) and 0.01% (v/v) Tween-20 (both from 

Sigma-Aldrich). NS-398 was resuspended in DMSO and dissolved in water supplemented 

with 0.9% w/v sodium chloride (Sigma-Aldrich). PICO and OZA were dissolved in ethanol 

(Sigma-Aldrich) and dissolved in water. All drinking water solutions were supplemented 

with 2% w/v sucrose (Sigma-Aldrich). 
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2.2.3 Experimental lung metastasis assay 

2.5x105 B16F10 cells and 3.0x105 MC-38-GFP cells were intravenously injected into 

C57BL/6 mice. 1.5x105 4T1 cells were intravenously injected in BALB/c mice. 1x106 MDA-

MB-231 cells were intravenously injected in SCID mice. A total volume of 100 µL of cell 

suspension was injected for all cell types. After 2 weeks (4T1 cells), 3 weeks (B16F10 and 

MC-38-GFP cells), or 4 weeks (MDA-MB-231 cells), mice were anesthetized with 

Pentobarbital (70 mg/kg, intraperitoneally), and lungs were artificially ventilated through a 

tracheotomy. Mice were killed by exsanguination and lungs were exposed and perfused 

through the pulmonary artery with Krebs-Ringer Buffer (KRB) [4.74 mM KCl, 1.17 mM 

MgSO4•7H2O, 1.27 mM CaCl2•2H2O, 1.18 mM KH2PO4, 118.4 mM NaCl, 24.87 mM 

NaHCO3, 10 mM glucose, 5% w/v dextran] (all from Sigma-Aldrich or Thermo Fisher 

Scientific). Once cleared of blood, lungs were dissected and immersed in 10% formalin 

solution (Sigma-Aldrich). Metastatic lung nodules were counted or assessed by MRI scan. 

 

2.2.4 MRI scan of lungs 

MDA-MB-231 metastasis could not be assessed visually in lungs cleared of blood. In 

order to assess the metastatic load, formalin-fixed lungs were embedded in 4% agarose in 

dH2O. MRI on embedded lungs was performed at 4.7T or 7.0T (Agilent, VNMRS) using a 

25-mm inner diameter quadrature birdcage coil (Rapid). T2-weighted fast spin echo 3D 

scan was acquired (echo spacing 9.35 msec, echo train length 8, effective TE 37.41 

msec, TR 200 msec) with a FOV of (32x32x32) mm3 to ensure complete volume coverage 

of the coil (and sample). Scan time was approximately 27 min per sample for an isotropic 

resolution of 125 µm. Ten samples were queued for unsupervised MRI measurement 

using an in-house developed carriage system utilising a stepper motor driven by an 

Arduino controller (http://www.arduino.cc). Tumour burden was quantified by ImageJ 

(v.1.46r) and ITK-SNAP software (v.3.4.0). 
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2.2.5 Urine collection and SUA measurement 

Urine was collected upon restraining C57BL/6 mice and indomethacin (10 µg/mL in 

DMSO, both from Sigma-Aldrich) was immediately added. Urine was clarified through 

centrifugation at 10000 x g for 15 minutes at 4°C. SUA concentration was assessed 

through a HPLC and absorbance detection by Dr M. Stratford. Briefly, 5 µL of urine were 

mixed with 50 µL of 10 µM 6-methoxysalicylate (internal standard) and 1 mL of 10 mM 

formic acid. 5 µL of the sample were injected onto the HPLC for analysis. Samples were 

analysed by HPLC (Waters 2695, Watford, UK) equipped with a Micromass Quattro Micro 

Mass spectrometer (Waters). Separation was achieved using a kinetix XB (2.6 µm, 2.1 x 

50 mm) column maintained at 35 °C with eluent A: 10 mM formic acid; eluent B: 

acetonitrile, using a flow rate of 0.25 mL/ min and a gradient of 8–50 % B over 4 min. 

Salicyluric acid was detected using electrospray in negative mode with MS/MS with a 

capillary voltage of 1.2 V at 194 – 150 (cone voltage 20V) and IS at 166.9-123 (cone 

voltage 20 V). Sample concentrations were calculated based on a calibration curve 

prepared with commercially available salicyluric acid. 

 

2.2.6 Ex vivo whole lung imaging assay 

5x105 CMAC-stained B16F10 cells and 9x108 PKH26-stained platelets were injected into 

the opposite tail veins of Cx3cr1gfp/+ mice. The chosen number of platelets corresponds to 

½ of the total number of platelets in an adult mouse of approximately 20 g, resulting in the 

incorporation of labelled platelets in at least half of the formed clots. After 8 hours, lungs 

were isolated as described above and placed in a specially designed chamber with a 

coverslip window at its bottom. The chamber was designed and manufactured by Dr J. 

Beech and Dr S. Smart. The lungs were inflated with 0.5 mL of air and remained inflated 

during the imaging26,267. 
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2.2.7 Endothelial cell labelling for whole lung imaging 

To address the extravasation state of tumour cells, we have employed an established 

techniques to visualise fluorescently labelled blood vessels in intact lungs215,267,494. Briefly, 

mice were artificially ventilated as described above. Before lung isolation, endothelial cells 

were labelled with an anti-CD31-APC antibody (50 µL, Biolegend) injected in the vena 

cava and left to circulate in the lung vasculature for 5 minutes, after vena cava ligation. 

Lungs were then perfused and harvested as usual and imaged as intact organs under a 

confocal microscope. Tumour cell extravasation was evaluated visually from microscopic 

fields or through reconstruction of tumour cells and vessel surface at Imaris software 

(v8.2, Bitplane).  

 

2.2.8 Immunofluorescence staining of lung sections 

For the preparation of lung sections, lungs were harvested and perfused as indicated 

above and then perfused with 50 mL of ice-cold PFA 4% through the pulmonary artery. 

Lungs were then inflated with 1 mL PFA and immerged in sucrose 25% (Sigma-Aldrich) at 

4°C for 48 hours, changing sucrose every day. Lungs were snap frozen using Cryo 

Freeze spray (Agar Scientific) and 18 µm sections were cut at a cryostat microtome and 

collected on positively charged glass slides (Superfrost® Plus, Thermo Thermo Scientific). 

Slides were left to air-dry overnight at 37°C and then stored at -80°C/-20°C. 

For immunofluorescence staining, sections were rehydrated in PBS and permeabilised 

with 0.2% Triton-X in (Sigma Aldrich) in TBS, for intracellular epitopes. Then, sections 

were blocked for endogenous peroxidase in PBS supplemented with 30% w/v hydrogen 

peroxide (1:100; Thermo Fisher Scientific). Endogenous streptavidin and biotin were 

blocked with a blocking kit (Vector) following the manufacturer’s instruction. Next, slides 

were incubated with Image-iT® FX to block autofluorescence background. Slides were 

then blocked with 0.5% Roehinger milk buffer (TNB, PerkinElmer). 
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Immunostaining of proteins was performed using the Tyramide Signal Amplification-biotin 

kit (PerkinElmer), following the manufacturer’s instructions. Briefly, sections were 

incubated overnight with the following primary antibodies: COX-1 (ab109025, Abcam, 

1:250), TP (sc-30036, Santa Cruz, 1:250), TXAS (ab39362, Abcam, 1:250), VCAM-1 

(MAB6434, Millipore, 1:100). IgGs from the same species were used at the same 

concentration as isotype controls. All antibodies were diluted in TNB and incubated 

overnight at 4°C. Next, primary antibodies were detected using biotinylated secondary 

antibodies (all from Thermo Fisher Scientific), diluted 1:500 in TNB. Tissues were then 

incubated with Streptavidin-HRP complex (1:200 in TNB) and, subsequently, Tyramide 

Signal Amplification-biotin complex (1:100 in amplification buffer) (all from PerkinElmer). 

Finally, signal was revealed through streptavidin-fluorophore conjugates (1:100, 

Streptavidin-AF488 or streptavidin-AF633, Thermo Fisher Scientific). vWF did not need 

amplification and was immunostained by incubating the sections with the primary antibody 

(ab11713, Abcam, 1:500 in TNB, overnight at 4°C) or isotype control and then secondary 

AF488-labelled antibody (A-11015, Thermo Fisher Scientific). 

All incubation steps were done in a dark humidified chamber and were followed by 5-

minutes washes with PBS. After staining, slides were mounted with ProLong® Gold 

antifade reagent (Thermo Fisher Scientific) and covered with a coverslip. 
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2.2.9 Analysis of prostanoids in biological fluids  

2.2.9.1 Serum and plasma TXB2 

Blood was collected from terminally anaesthetized C57BL/6 mice through vena cava cut 

with (plasma) or without (serum) ACD buffer (1:10 v/v). For serum preparation, blood was 

left to clot for 30 minutes at room temperature and centrifuged at 850 xg for 15 minutes at 

4’C. For plasma preparation, anticoagulated blood was centrifuged at 1000 xg for 15 

minutes at 4’C. Both supernatants, corresponding to serum and plasma, were collected 

and stored at -80’C. Serum and plasma TXB2 were measured through a Thromboxane B2 

EIA kit (Cayman chemicals). 

 

2.2.9.2 Plasma PGE2  

For ex vivo PGE2 generation assay, blood was collected from terminally anaesthetised 

C57BL/6 mice in syringes containing ACD buffer (1:10 v/v). Whole anti-coagulated blood 

was incubated with 10 µg/mL LPS (Sigma-Aldrich) or saline for 24 hours at 37°C. Plasma 

was isolated through whole blood centrifugation at 1000 xg for 15 minutes at 4°C and the 

supernatant was stored at -80”C. Plasmatic PGE2 was measured through PGE2 

Metabolite EIA kit (PGE2M, Cayman Chemicals), which allows the quantification of 13,14-

dihydro-15-keto PGA2 and 13,14-dihydro-15-keto PGE2 metabolites. 

For in vivo PGE2 generation assay, C57BL/6 mice were injected with 5 mg/kg LPS or 

saline and blood was collected through vena cava at 4 hours after injection, in syringes 

containing ACD buffer. Whole anti-coagulated blood was centrifuged at 1000 xg for 15 

minutes at 4°C and plasma was collected in the supernatant and stored at -80°C. 

Plasmatic PGE2 was measured through PGE2 ELISA kit (Abcam). 
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2.3 MICROSCOPY  

2.3.1 Epifluorescence microscopy 

For tumour cell adhesion assay, images were acquired at the Nikon Eclipse TE2000-E 

microscope, fitted with Solent Scientific cabinet for cell growing and equipped with a Nikon 

Plan Fluor 10x/0.30 Ph1 DL objective. Pictures were acquired every 5 seconds for 10 

minutes (0.05 dyn/cm2) and 2 minutes (2 dyn/cm2) with a Hamamatsu ORCA-ER digital 

camera. For tumour cell intercalation assay, images were acquired at the Nikon NIS-

Elements AR 4.30.02 64-bit microscope, equipped with a Nikon Plan Fluor 10x/0.30 Ph1 

DL objective. Pictures were acquired every 10 minutes for 15 hours. 

 

2.3.2 Confocal microscopy 

Z-stack images were acquired with an inverted confocal microscope (LSM-710 and LSM-

880; Carl Zeiss Microimaging) equipped with a Plan-Apochromat 20x/0.8 M27 objective. 

CMAC, GFP and PKH26/CMRA were excited by 405 nm, 488 nm and 561 nm laser lines, 

respectively. PKH26 and CMAC were acquired simultaneously, while GFP and CMRA 

were acquired separately. All images were acquired line by line. Image stacks of 15-40 

slices with an interval of 1.15-2 µm of at least 15 random fields per lung or 5 per lung 

section were acquired. Whole left lung were acquired through tile scan of approximately 

750 single images (20x) with 10% overlapping for stitching. 
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2.4 STATISTICAL ANALYSIS 

Statistical analysis was performed with GraphPad Prism (version 5.02). D’Agostino and 

Pearson omnibus normality test was applied to data sets to assess data distribution. For 

normally distributed data, unpaired t-test (two groups), one-way ANOVA with Tukey’s test 

(more than two groups) or Pearson test (correlation analysis) were used. For non-normally 

distributed data, Mann Whitney (two groups) or Kruskal-Wallis with Dunn’s multiple 

comparison post-hoc tests (more than two groups) or Spearman test (correlation analysis) 

were used. For non-linear regression analysis, a substrate inhibition equation and extra 

sum of squares F test were employed to assess statistical difference between curves. 

Data represents mean +/± SD unless specified otherwise. Differences are considered 

significant with a p value lower than 0.05. * denotes 0.01<p≤0.05, ** 0.001<p≤0.01 and *** 

p≤0.001. 
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3.1 INTRODUCTION 

3.1.1 Aspirin, COX inhibition and metastasis 

As described in detail in section 1.2, aspirin is a widely used drug that inhibits the activity 

of COX-1 and COX-2. Both isoforms mediate the conversion of arachidonic acid (AA) into 

PGH2, the common precursor of all prostanoids.  

In the clinic, aspirin is administered at low (75-100 mg/day), medium (325 mg/day) and 

high (1-3 g/day) doses. Due to the pharmacology of the drug, low-dose aspirin inhibits 

almost exclusively COX-1 in the pre-systemic compartment. Thus, platelets are the cells 

most affected by low-dose aspirin treatment, which reduces their aggregation triggering an 

anti-thrombotic effect. At medium and high doses both COX-1 and COX-2 are affected. 

Being COX-2-derived prostanoids (mainly PGE2) key players in the inflammatory 

response, medium and high doses of aspirin trigger both an anti-thrombotic and anti-

inflammatory responses. 

Evidence from experimental and clinical studies indicates an effect of aspirin on 

metastasis prevention. In particular, low-medium dose of aspirin (<300 mg/day) was 

responsible for a 30-70% reduction in the risk of developing distant metastasis from a 

range of primary tumours, in particular colorectal cancer. Although the mechanism of 

action of aspirin has been extensively described, the reasons of its metastasis prevention 

remain elusive. We have employed in vivo models of metastasis to address this issue. 
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3.1.2 Choice of aspirin doses for in vivo studies  

Aspirin has been associated to a wide range of mechanisms of action, both COX-

dependent and COX-independent, and the pharmacological properties of the drug vary 

depending on the dose. Thus, a careful selection of aspirin dosage is required for the 

design of experimental studies aimed at understanding molecular basis of the anti-

metastatic effect of aspirin shown by clinical trials. From my point of view, the best 

approach for choosing an equivalent dose of aspirin in mice based on the dose in man 

should incorporate two steps. First, the BSA normalisation method435 should be used to 

select the starting dose of aspirin for the animal experiment. Second, the pharmacological 

effects of the chosen dose should be tested through the evaluation of COX-1 and COX-2 

inhibition in vivo. In addition, the relative contribution of COX-1 and COX-2 can be 

investigated by employing selective inhibitors.  

 

3.1.2.1 Evaluation of aspirin activity in vivo 

The assessment of COX-1 and COX-2 activity after the oral administration of aspirin or 

other NSAIDs is important to evaluate the treatment efficacy and understand the outcome, 

both in clinical and experimental studies. Over the last 50 years considerable efforts have 

been made to develop reliable methods to evaluate COX-1 and COX-2 activity, which 

have taken into account several variables. 

The first consideration was the choice of biomarkers for the activity of the two COX 

isoforms. COX-1 and COX-2 catalyse the same subsequent reactions that lead to the 

synthesis of PGG2, the common precursor of all prostanoids. Thus, in principle COX-1 and 

COX-2 are able to synthesise all prostanoids. In practice, however, their activity is rarely 

redundant. For example, TXA2 is mainly (but not exclusively) produced by COX-1, while 

PGE2 is preferentially produced by COX-2342. Thus, TXA2 and PGE2 have been chosen as 

biomarkers of COX-1 and COX-2 activity, respectively. 
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The second challenge has been the choice of metabolite to be used for the measurement 

of prostanoids. Prostanoid undergo a very rapid metabolism in most biological fluids or 

they are rapidly bound by cell receptors in target organs, which makes it impossible to 

measure their circulating levels. Thus, metabolites of the primary prostaglandins have 

been chosen as biomarkers for COX-1/-2 activity. For example, TXA2 half-life in blood and 

other aqueous solutions is of around 30 seconds495, thus its metabolites TXB2 in 

plasma/serum and 11-dehydro-TXB2 or 2,3-dinor-TXB2 in urine are used as surrogates. 

Similarly, PGE2 half-life is 30 seconds and it is rapidly taken up by target cells after its 

secretion, thus metabolites such as 13,14-dihydro-15-keto PGA2 are used to evaluate 

PGE2 systemic synthesis. However, the physiological levels of PGE2 metabolites in 

plasma are very low (3-12 pg/mL)496 and below the limit of detection. Since PGE2 

synthesis is largely induced by inflammatory conditions, a widely used approach is to 

incubate anti-coagulated whole blood with LPS, which induces the expression of COX-2 in 

monocytes and increase the concentration of plasmatic PGE2
497. 

The choice of biological sample is also of pivotal importance. This is for example the case 

of serum and plasma samples in the measurement of TXB2. Serum corresponds to the 

soluble fraction of coagulated blood, while plasma is obtained as the non-cellular fraction 

of anti-coagulated blood. In the isolation of serum, the activation of the coagulation 

cascade leads to thrombin deposition, which activates platelets to generate de novo TXA2, 

thus increasing TXB2 concentration. This is why plasmatic TXB2 concentration is not 

higher that 1-2 pg/mL, while serum TXB2 levels can reach up to 400 ng/mL, a 1000 fold 

increase498. In this perspective, the measurement of TXB2 in serum is representative of 

the ex vivo synthesis of TXA2 by platelets. Since this process is dependent on COX-1 

activity, the quantification of serum TXB2 is a gold standard technique to measure the 

efficacy of anti-thrombotic therapies on the activity of COX-1 in platelets. On the other 

hand, the levels of TXB2 in plasma and of 11-dehydro-TXB2 in urine reflect the systemic 
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and, in the case of 11-dehydro-TXB2, cumulative production of TXA2 in vivo by platelets, 

endothelial cells and other cell types, but cannot discriminate the source of TXA2.  

Different considerations need to be made in the case of COX-2 activity. PGE2 levels do 

not change between plasma and serum and the quantification of PGE2 metabolites in 

either plasma/serum or urine is representative of its systemic biosynthesis. On the 

contrary, the levels of PGE2 in LPS-stimulated plasma reflect the ex vivo activity of COX-2 

in monocytes exclusively497.  

Indirect measurements of aspirin efficacy in vivo are also available, which take into 

consideration the anti-thrombotic and anti-inflammatory effects of COX-1 and COX-2 

inhibition, respectively.  

The use of light transmission (LTA) aggregometry is a gold standard technique used in the 

clinic to evaluate platelet functions, such as the residual COX-1 activity. LTA methods 

consist in the turbidimetric (or flow cytometric) measurement of platelet rich plasma 

following stimulation with an agonist. A wide range of agonists can be used to achieve 

COX-1-dependent or -independent aggregation. In particular, AA, TP agonist U46619 

(stable analogue of TXA2) and thrombin are agonists that induce platelet aggregation 

through a COX-1-dependent pathway and can be used to assess the extent of COX-1 

inhibition. On the contrary, adenosine diphoshpate (ADP), collagen and epinephrine 

trigger platelet aggregation through a COX-1-independent activation of integrin GPIIb/IIIa, 

thus are categorised as COX-1-nonspecific methods.  

Equally, the extent of COX-2 inhibition can be indirectly evaluated through the 

measurement of circulating pro-inflammatory cytokines and chemokines, such as TNF-

α436,499, CCL15500 and hs-CRP499.  

To summarise, several methods exist that allow the evaluation of COX-1 and COX-2 

activity in vivo and parameters such as the choice of sample and PG metabolite, as well 
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as sample processing, should be taken into careful consideration to avoid deceiving 

results. 

 

3.1.2.2 Selective inhibitors of COX-1 and COX-2 

The development of selective inhibitors of COX-1 or COX-2 has been challenging, due to 

the similarity of the two isoforms and the >90% homology of their catalytic/allosteric site. 

Nevertheless, selective drugs exist and their selectivity relies on the existence of single 

amino acid substitutions in the COX channel and catalytic site.  

 

 

Figure 3.1 - Structure of COX inhibitors. 

(A) Aspirin or acetylsalicylic acid (ASA), non-selective inhibitor of COX-1 and COX-2. 

(B) SC-560, selective inhibitor of COX-1. Note the 4-methophenyl ring with a phenyl group, 
responsible for the H-bonding to Ser530 in COX-1 active site. 

(C) NS-398, selective inhibitor of COX-2. NS-398 forms a ionic and a hydrogen bond with two 
nitrogen atoms of Arg120 in the active site of COX-2.  

All drug structures were adapted from KEGG Drug database. 
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In general, most COX-2 selective inhibitors cannot access COX-1 catalytic site due to 

steric blockage. Of particular importance is the substitution of Ile523 (COX-1) in Val523 

(COX-2), where the difference in one methyl group allows the generation of a side 

opening in the wall of the channel, known as COX-2 pocket501. Drugs that can access 

COX-2 pocket and not COX-1 catalytic site are classified as coxibs and their selectivity 

depends on steric blockage rather than isoform-specific mechanisms of inhibition332,501. 

Other inhibitors, such as NS-398, rely on their chemical features to selectively bind 

residues in the COX-2 catalytic site335,340. This selectivity has been empirically derived 

from inhibition curves but the molecular mechanisms of the interaction are still not 

known502. 

Due to the presence of the COX-2 pocket, size exclusion cannot be employed for COX-1 

selective inhibitors. Hence, all COX-1 selective inhibitors rely on the presence of structural 

elements that allow the specific docking to the COX-1 active site. Several classes of COX-

1 inhibitors have been recognised, although Arg120 and, similarly to aspirin, Ser530 are 

the most common docking residues in COX-1 catalytic site503.  

In this Chapter two selective inhibitors have been used, SC-560 (COX-1 inhibitor) and NS-

398 (COX-2 inhibitor). 

SC-560 is a highly selective inhibitor of COX-1 that belongs to the class of 

diarylheterocycles with pyrazole heteroaromatic ring (Figure 3.1B).  SC-560 inhibition of 

COX-1 depends on the H-bonding of one oxygen atom of the 4-methophenyl ring with the 

hydroxyl group of S530 on COX-1503. In an ex vivo assay, Smith et al.504 calculated that 

the IC50 of SC-560 is 9 nM for COX-1 and 6.3 µM for COX-2, thus the selectivity of SC-

560 to COX-1 is 700-fold higher than to COX-2.  

NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl] methanesulfonamide, Figure 3.1C) belongs 

to the methanesulfonanilide class of COX-2 inhibitors. This molecule is the result of a 
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structural modification of nimesulide that allows a selective access of the COX-2 site505 

and the docking of its oxygen atom to His90 in the COX-2 active site506,507.  
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3.2 AIMS 

 

The aim of this Chapter is to set up an in vivo model in which aspirin affects the 

development of experimental metastasis and to understand the contribution of COX-1 and 

COX-2 to this process. This has been done through the following workflow: 

1) Dose-setting: a range of doses of aspirin have been chosen and rigorously tested 

for their in vivo efficacy, which includes the assessment of COX-1/COX-2 inhibition 

and the effect on thrombosis and inflammation.  

2) Treatment of metastasis with aspirin: we have investigated the effect of the 

selected doses of aspirin on the establishment of metastasis in several 

experimental models.  

3) Selective inhibition of COX-1 or COX-2: we have employed selective inhibitors of 

COX-1 and COX-2 or genetically engineered mice to understand the molecular 

mechanisms of metastasis inhibition by aspirin. 
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3.3 RESULTS 

 

3.3.1 In vivo dose-setting of aspirin  

3.3.1.1 Doses of aspirin and intake assessment 

To characterise the effects of aspirin on metastasis, we chose different doses of aspirin 

(ASA)a (30 mg/L, 180 mg/L and 625 mg/L), which had been previously used to achieve 

similar effects to the low, medium and high doses in humans243,436,437. By applying a BSA 

dose conversion from the average daily intake of ASA, the selected doses correspond to a 

HED of 63, 349 and 986 mg/day, respectively (Table 3.1), which fall in the expected range 

of low-, medium- and high-dose regimes in human adults. Hence, these doses are here 

indicated as Low, Medium and High (Figure 3.2A).  

Aspirin or vehicle (Control) was administered to C57BL/6 mice through drinking water, 

supplemented with sucrose and freshly changed every other day. The expected daily 

water consumption per mouse in the different groups was comparable (Supplementary 

figure S1). The intake of aspirin per mouse was evaluated by measuring the levels of its 

stable metabolite in urine (salicyluric acid or SUA) (Figure 3.2B). SUA was preferred to 

plasmatic salicylic acid (SA) because it accumulates in urine, representing the most 

abundant metabolite of ASA366, and because plasmatic SA undergoes a much more rapid 

metabolism in blood giving more variable results  (Supplementary figure S2).  

 

 

 

 

																																																								
a From now on, ‘aspirin’ is used to indicate the treatment regime, while its abbreviation ASA is used 
to indicate the compound used in drinking water for in vivo experiments and in figures.   
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Table 3.1 – Descriptive parameters of ASA intake. 

C57BL/6 mice were treated with vehicle (Control) or Low, Medium and High doses of ASA for 3 
weeks and water intake was measured every other day. The concentration of ASA in drinking water 
and the volume of consumed water per day per animal were used to calculate different drug intake 
measurements (n≥50 mice per group). The concentration of urinary SUA was measured through 
HPLC analysis (n ≥16 mice per group).  

ASA= acetylsalicylic acid; SUA=salicyluric acid; HED= human expected dose; BSA= body surface 
area (allometric conversion method).  

 

 

 

 

The urinary levels of SUA (Figure 3.2B) were consistent with the daily ASA intake 

extrapolated from drinking water volumes (Figure 3.2C). Aspirin intake was constant for 

the duration of the experiment (Figure 3.2D), as expected from a chronic treatment, and 

was significantly different in the three treatment groups (Figure 3.2B and C).  
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Figure 3.2 – Evaluation of aspirin intake. 

(A) Table summarising the chosen doses of ASA and their expected effects, as reported in the 
literature.   

(B) Concentration of salicyluric acid (SUA), a stable metabolite of ASA, measured in urine of 
C57BL/6 mice treated with vehicle (Control, n=27 mice) or ASA (Low, Medium or High, n=26, 25 
and 16 mice, respectively) for 2 weeks (mean ± SD, 1-way ANOVA with Tukey’s Multiple 
Comparison test). 

(C-D) Expected average daily intake (C) (n=21 days per group; median + interquartile range (IQR), 
1-way ANOVA with Kruskal-Wallis test with Dunn’s Multiple Comparison post-hoc test) or daily 
intake over time (D) (n=2 cages for all time points; mean ± SD) of ASA per mouse, extrapolated 
from the drinking water consumption of C57BL/6 mice over a period of 3 weeks. 
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3.3.1.2 Analysis of COX-1 inhibition by aspirin 

In order to verify the efficacy of the chosen doses, specific biomarkers of COX-1 or COX-2 

activity were chosen to assess the extent of COX-1 and COX-2 inhibition following aspirin 

treatment (see diagram in Figure 3.3A). TXB2 is a stable metabolite of COX-1-derived 

TXA2 and it is representative of ex vivo COX-1 activity in platelets. Serum levels of TXB2 

were highly and significantly reduced by ASA at all doses (Figure 3.3B). In vivo, very small 

amount of COX-1 activity are sufficient to generate TXA2 to a level that triggers platelet 

aggregation508, thus it has been established that the inhibition of TXB2 generation ex vivo 

in coagulated blood should be greater than 95% to reflect a substantial inhibition of 

platelet activation in vivo498. Only Medium and High doses reduced TXB2 by more than 

95%.  

To further understand the extent of COX-1 inhibition in platelets, agonist-induced platelet 

aggregation was assessed in blood from ASA-treated mice through a modified light 

transmission aggregometry approach. AA, U46619 and ADP were used as agonists to 

induce platelet aggregation in a COX-1-dependent (AA and U46619) or -independent 

(ADP) manner. Medium and High doses decreased COX-1 mediated platelet aggregation 

induced by AA and U46619, but not by ADP (Figure 3.3C and D). Low dose ASA did not 

significantly affect platelet aggregation at all conditions, although a trend could be seen 

(Figure 3.3C).  

Taken together, these results suggest that aspirin inhibits COX-1 activity and platelet 

aggregation at the Medium dose, indicating that in our model this is the minimum effective 

dose to achieve an anti-thrombotic effect. 
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Figure 3.3 – Inhibition of COX-1 and platelet aggregation by aspirin. 

(A) Diagram of COX-1 and COX-2 products chosen as biomarkers of their activity. Serum TXB2 is 
representative of ex vivo COX-1 activity in platelets and plasma PGE2 is representative of COX-2 
activity in monocytes (ex vivo) or systemically (in vivo). 

(B) Concentration of TXB2 in serum from mice treated with vehicle (Control) or ASA at Low, 
Medium and High doses (n=3 mice per group). The serum concentration of TXB2 is representative 
of COX-1 residual activity in platelets.  

(C-D) Quantification (C) and representative zebra dot plots (D) of agonist-induced platelet 
aggregation, measured through FACS analysis of CD41-stained platelets. AA (1 mM), U46619 (0.3 
µM) and ADP (1 µM) were used as agonists to trigger a COX-1-dependent (AA and U46619) or 
independent platelet (ADP) aggregation (n=4 mice per group). 

All data are represented as mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test. 
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3.3.1.3 Analysis of COX-2 inhibition by aspirin 

PGE2 is the most abundant product of COX-2 activity. However its metabolism is very 

fast,. For this reason, plasma levels of PGE2 are generally very low and beneath the limit 

of detection. In order to evaluate the extent of COX-2 inhibition after ASA treatment we 

used an established assay in which LPS increased ex vivo production of PGE2 by 

monocytes497. 10 ug/mL LPS induced overexpression of COX-2 when added to anti-

coagulated whole blood ex vivo497, leading to higher plasmatic levels of PGE2 (Figure 

3.4A), although the difference was not significant. When anti-coagulated blood was 

withdrawn from ASA-treated mice, the levels of plasmatic PGE2 were significantly reduced 

at the Medium and High doses (Figure 3.4B), indicating in inhibition of COX-2 at these 

doses. 

To verify that COX-2 was inhibited also at a systemic level, we employed a similar 

approach in vivo. Briefly, we set up a model where the injection of LPS in naïve C57BL/6 

mice induced the systemic overexpression of COX-2 and increased plasmatic PGE2 

synthesis, measured as PGE2 metabolite (PGE2M, equivalent to 13,14-dihydro-15-keto 

PGA2 and 13,14-dihydro-15-keto PGE2) (Figure 3.4C and D). Next, the effect of aspirin on 

COX-2 activity was determined by treating mice with ASA for 2 days before the injection of 

LPS, blood withdrawal and PGE2 extraction from plasma (Figure 3.4C). Plasmatic PGE2 

levels were significantly reduced by all doses of ASA (Figure 3.4E).   

Taken together these results indicate that aspirin induces an anti-thrombotic and anti-

inflammatory effect at the Medium and High doses, while no substantial inhibition of COX-

1 was seen by the Low dose.  
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Figure 3.4 – Inhibition of COX-2 activity by aspirin. 

(A) Concentration of PGE2 in plasma stimulated with LPS (10 µg/mL) or saline ex vivo for 24 hours 
(n=4 mice per group). PGE2 generated through this method is representative of COX-2 residual 
activity in monocytes (mean + SD, unpaired t test).  

(B) Concentration of PGE2 in LPS-stimulated plasma derived from mice treated with vehicle 
(Control, n=8 mice) or Low, Medium and High doses of ASA (n= 4 mice for all ASA groups; mean + 
SD, 1-way ANOVA with Tukey’s Multiple Comparison test). 

(C) Experimental design. Mice were treated with vehicle or ASA. After two days from the start of 
the treatment, mice were injected with saline or LPS (5 mg/kg) through the intraperitoneal (i.p.) 
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route and blood was harvested after 4 hours for the isolation of plasma and measurement of PGE2 
Metabolite (PGE2M, equivalent to 13,14-dihydro-15-keto PGA2 and 13,14-dihydro-15-keto PGE2).  

(D) Concentration of PGE2M in plasma from saline- or LPS-injected mice (n=4 mice per group) 
treated with vehicle for two days (mean + SD, unpaired t test). PGE2M is representative of systemic 
COX-2 activity. 

(E) Concentration of PGE2M in plasma derived from LPS-injected mice treated with vehicle or ASA 
at Low, Medium or High doses (n=3 mice per group; mean + SD, 1-way ANOVA with Tukey’s 
Multiple Comparison test). 

 

 

 

 

3.3.2 Effect of aspirin on experimental metastasis  

3.3.2.1 Aspirin reduces experimental metastasis from melanoma cells 

As detailed in Figure 3.5A, C57BL/6 mice were treated with ASA (Low, Medium and High) 

for two days before the intravenous injection of syngeneic B16F10 melanoma tumour 

cells. Aspirin treatment at the Medium and High doses reduced the number of metastatic 

lung nodules by more than 50% (Figure 3.5B and C). Noticeably, the number of nodules 

negatively correlated with the intake of ASA, measured through the levels of SUA (Figure 

3.5D). These data confirmed the preventive effect of aspirin on metastasis, as previously 

shown243,380,384.  
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Figure 3.5 – Aspirin reduces experimental metastasis from B16F10 cells. 

(A) Experimental design to establish the effect of aspirin on lung metastasis. C57BL/6 mice were 
administered vehicle (Control) or ASA in drinking water and intravenously injected with B16F10 
cells two days after the start of the treatment. Lungs were isolated at day 21 for the count of 
metastatic lung nodules.  

(B-C) Number (B) and representative images (C) of metastatic lung nodules at 3 weeks after 
intravenous injection of B16F10 cells in mice treated with vehicle (n=6 mice) or ASA (Low, Medium 
and High, n=5, 5 and 6 mice, respectively; median ± range, 1-way ANOVA with Tukey’s Multiple 
Comparison test).  

(D) Correlation plot of the intake of aspirin, measured as urinary concentration of SUA, versus the 
number of metastatic lung nodules per mouse (n=6 mice for Control and High groups, n=5 mice for 
Low and Medium groups; Spearman rank correlation). 
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3.3.2.2 Aspirin reduces metastasis in alternative experimental models 

In order to verify the universality of these results, we assessed the effect of aspirin on lung 

nodules in alternative experimental models of metastasis: MC-38-GFP (murine colorectal 

cancer cells, syngenic to C57BL/6 mice), 4T1 (breast cancer cells, syngeneic to BALB/c 

mice) and MDA-MB-231 (human breast cancer cells, xenograft into SCID mice)b. Aspirin 

administered at the Medium dose decreased the number of MC-38-GFP- (Figure 3.6A), 

4T1- (Figure 3.6B) and MDA-MB-231- (Figure 3.6C and D) derived metastatic lung 

nodules to a similar extent than B16F10 cells (Figure 3.6E). Interestingly, lung foci from 

both murine and human breast cancer cells were similarly affected by aspirin. These data 

suggest a widespread effect of aspirin on metastasis development that is not dependent 

on tumour origin or species. 

 

3.3.3 Analysis of COX-1 and COX-2 contribution to metastasis  

3.3.3.1 Dose-setting of selective COX-1 and COX-2 inhibitors 

Aspirin at the Medium dose reduces metastasis, when both COX-1 and COX-2 are 

inhibited. In order to understand the relative contribution of COX-1 and COX-2 to 

metastasis, we have employed selective inhibitors of COX-1 (SC-560) and COX-2 (NS-

398). We chose doses that had been previously reported to show selective inhibition of 

COX-1509,510 or COX-2511. SC-560 and NS-398 were delivered through drinking water and 

the drug intake was regular for the duration of the experiment (Figure 3.7A and B). In 

agreement with expectations, the levels of serum TXB2 (Figure 3.7C) and plasma PGE2 

(Figure 3.7D, ex vivo, and E, in vivo) confirmed the isoform selectivity of the chosen 

regime of treatment.  

																																																								
b MDA-MB-231 formed edematous lung nodules that cannot be visibly assessed in perfused lungs. 
In this case we have employed MRI imaging to detect the differences in nuclear magnetic moment 
between lung soft tissue (displayed as white in the MRI scan) and hypo-intense lung nodules 
(displayed as black in the MRI scan), even in the absence of contrast agents. 
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Figure 3.6 – Aspirin reduces metastasis in alternative experimental models.   

(A) Number of metastatic lung nodules, assessed in C57BL/6 mice at 3 weeks after the injection of 
MC-38-GFP cells. Mice were treated with vehicle (Control, n=3 mice) or ASA (Medium dose, n=5 
mice) starting 2 days before the injection (median ± range, 1-way ANOVA with Tukey’s Multiple 
Comparison test). 

(B) Number of metastatic lung nodules, assessed in BALB/c mice at 2 weeks after the injection of 
4T1 cells. Mice were treated with vehicle (n=7 mice) or ASA (Medium dose, n=6 mice) starting 2 
days before the injection (median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test). 

(C-D) Volume of lung nodules, normalised to total lung volume (C), and representative images of 
lungs scans (D) acquired by MRI on ex vivo lungs from SCID mice at 4 weeks after the injection of 
MDA-MB-231 cells, upon treatment with vehicle (n=4 mice) or ASA (n=3 mice; median ± range, 1-
way ANOVA with Tukey’s Multiple Comparison test). Scale bar represents 5 mm. 

(E) Comparison of the number of metastatic lung nodules, normalised to the relative control, 
between all tested experimental metastasis models (data from Figures 3.6A-C) (mean + SD, 1-way 
ANOVA with Tukey’s Multiple Comparison test).  
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Figure 3.7 – Dose setting of selective COX-1 or COX-2 inhibitors. 

(A-B) Average intake per day (A) (n=21 days per group) and over 3 weeks (B) (n=2 cages for all 
time points) of vehicle (Control), SC-560 (24 mg/L) and NS-398 (12 mg/L), extrapolated from 
drinking water volumes.  

(C) Concentration of TXB2 in serum from mice treated with vehicle, SC-560 or NS-398 (n=3 mice 
per group). 

(D) Concentration of PGE2 in LPS-stimulated plasma derived from mice treated with vehicle 
(Control), SC-560 or NS-398 (n=8, 4 and 3 mice, respectively). 

(E) Concentration of PGE2M in plasma derived from LPS-injected mice treated with vehicle 
(Control), SC-560 or NS-398 (n=3 mice per group). 

All data are represented as mean +/± SD; 1-way ANOVA with Tukey’s Multiple Comparison test. 
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3.3.3.2 The inhibition of COX-1 is sufficient to inhibit experimental metastasis 

Similarly to Figure 3.5A, mice were treated with SC-560 or NS-398 and challenged with 

B16F10 cells. SC-560 significantly reduced the number of metastatic lung nodules (Figure 

3.8A) to a similar extent to Medium and High doses of ASA (Figure 3.8B, data re-plotted 

from Figure 3.5B and 3.8A). On the contrary, NS-398 did not reduce the number of lung 

foci, suggesting that the effect of aspirin on metastasis is dependent on the inhibition of 

COX-1. 

To determine the validity of these results, SC-560 and NS-398 were also employed in 

alternative metastasis models. SC-560 inhibited metastatic lung nodules from MC-38-GFP 

(Figure 3.8C), 4T1 (Figure 3.8D) and MDA-MB-231 (Figure 3.8E) cells, while NS-398 also 

reduced metastasis from MC-38-GFP cells (Figure 3.8C).  

Taken together these data indicate that anti-metastatic effect of aspirin is mediated by the 

inhibition of COX-1 activity and suggest a role of this isoform in the metastatic process. To 

our knowledge, the data presented here constitute the first report showing that the 

inhibition of COX-1 by aspirin is sufficient to reduce metastasis.  

 

3.3.3.3 Metastasis inhibition in COX-1 deficient mice 

In order to further dissect the contribution of COX-1 to metastasis development, COX-1 

deficient mice (Ptgs1-/-, indicated here as COX-1-/-) were used for the metastasis assay. 

The number of B16F10-derived metastatic lung nodules in COX-1-/- mice was dramatically 

reduced compared to their wild type counterparts (C57BL/6, indicated here as COX-1+/+) 

(Figure 3.9A). This effect was accompanied by a decrease of TXB2 in plasma and serum 

(Figure 3.9B and C) and a decreased platelet aggregation (Figure 3.9D and E). These 

results suggest that the expression of COX-1 in the host environment is important for the 

successful development of metastasis. 
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Figure 3.8 – The inhibition of COX-1 by SC-560 reduces metastasis. 

(A) Numbers of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
C57BL/6 mice treated with vehicle (Control), SC-560 or NS-398 (n=16, 12 and 16 mice, 
respectively) for 3 weeks, starting 2 days before tumour cell injection (median ± range, 1-way 
ANOVA with Tukey’s Multiple Comparison test).  

(B) Comparison of the number of metastatic lung nodules, normalised to the relative control, in 
mice treated with ASA (all doses, data from Figure 3.5B), SC-560 or NS-398 (data from Figure 
3.8A) (mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test).  

(C) Number of metastatic lung nodules in C57BL/6 mice at 3 weeks after the injection of MC-38-
GFP cells, upon treatment with vehicle, SC-560 or NS-398 (n=3, 6 and 6 mice, respectively; 
median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test).  

(D) Number of metastatic lung nodules in BALB/c mice at 2 weeks after the injection of 4T1 cells, 
upon treatment with vehicle, SC-560 or NS-398 (n=7, 6 and 6, respectively; median ± range, 1-way 
ANOVA with Tukey’s Multiple Comparison test)).  

(E) Volume of lung nodules, normalised to total lung volume, calculated from MRI scan on lungs 
from SCID mice at 4 weeks after the injection of MDA-MB-231 cells, upon treatment with vehicle or 
SC-560 (n=4 per group; median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test)). 
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Figure 3.9 – Metastasis establishment is impaired in COX-1 deficient mice. 

(A) Numbers of metastatic lung nodules, assessed at 3 weeks after intravenous injection of 
B16F10 cells in COX-1+/+ mice (C57BL/6) or COX-1-/- mice (Ptgs1-/-) (n=7 mice per group; median ± 
range, unpaired t test).  

(B-C) Concentration of TXB2 in plasma (B) and serum (C) from COX-1+/+ or COX-1-/- mice (n=4 
mice per group; mean + SD, unpaired t test). 

(D-E) Quantification (D) and representative zebra dot plots (E) of agonist-induced platelet 
aggregation of PRP from COX-1+/+ or COX-1-/- mice (n=8 and 4 mice, respectively), measured 
through FACS analysis of CD41-stained platelets (mean + SD, 1-way ANOVA with Tukey’s Multiple 
Comparison test). AA (1 mM), U46619 (0.3 µM) and ADP (1 µM) were used as agonists to trigger a 
COX-1-dependent (AA and U46619) or independent (ADP) platelet aggregation.  
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3.4 DISCUSSION 

 

3.4.1 Aspirin dose-setting 

In order to understand the mechanism of the anti-metastatic effect of aspirin in clinical 

trials, we have chosen three doses of aspirin that were previously used in the 

literature243,436,437. These doses were expected to correspond to the low, medium and high 

dose regimes in humans, expectations that were supported by the theoretical HED 

calculated through a BSA conversion system (Table 3.1). Additionally, we have chosen to 

deliver aspirin through drinking water, as previously reported380,436,437,512. This 

administration route is the closest to the oral tablet administration in the clinic and is 

associated with less distress for the experimental animals, in comparison with oral 

gavage. Moreover, this delivery route allows the maintenance of a chronic treatment 

regime, where the targets of aspirin should be constantly inhibited during the whole 

duration of the experiment. However, animals have free access to the drug and the actual 

intake per animal could fluctuate between days or animals in the same cage. 

To overcome all these challenges, we have performed a rigorous analysis of the intake 

and in vivo efficacy of the selected doses. First, we have checked the daily intake of 

aspirin per mouse through different methods. We have measured the daily drinking 

volume per cage and extrapolated the expected daily dosage of aspirin per animal. This 

method provides a simple and quick quantification of the cumulative drug consumptions 

over time but it is not accurate in evaluating the drug intake of each animal in the cage. To 

address this issue we have quantified the excretion of salicyluric acid (SUA) in the urine of 

individual animals (Figure 3.2B). It appeared that, in a given day, the intake of aspirin was 

similar between mice in the same treatment group, suggesting that the intake of water is 

equally distributed within a cage. It follows that drinking volumes can be used as a quick 

approximation of the real drug intake per animal.   
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Moreover, the measurement of SUA levels in urine provides some information regarding 

aspirin metabolism in mice. Based on the MGI average urinary output per day 

(http://www.informatics.jax.org/), 30% of ingested ASA is excreted as SUA each day, a 

rate that is well conserved among increasing doses (Table 3.1). In humans, approximately 

75% of orally ingested aspirin is excreted as SUA, a percentage that decreases at higher 

dosages366. Thus, the pharmacokinetics of ASA differs in humans and mice and the 

simple BSA-based translation might not be sufficient to choose an equivalent dose among 

species. 

To overcome this problem, efforts have been made to evaluate the extent of COX-1 and 

COX-2 inhibition, and their physiological effects, at the selected doses.  In our model, 

COX-1 was inhibited at all doses (Figure 3.3B). However, the Low dose reduced the ex 

vivo synthesis of TXA2 by only 71%. As expected, such inhibition did not correspond to a 

significant reduction in the agonist-induced aggregation of platelets, even if a trend was 

visible (Figure 3.3C and D). Although 30 mg/L of aspirin in drinking water had been 

previously associated with a reduction of excreted TXB2 and platelet aggregation436, in our 

hands this dose did not show strong anti-thrombotic effects. In our experiments, the 

Medium dose was the minimum dose to effectively inhibit COX-1 activity and reduce 

COX-1 dependent platelet aggregation. To note, the High dose further decreased the ex 

vivo synthesis of TXA2 (~3 times) in comparison to the Middle dose but did not further 

affect platelet aggregation, suggesting a plateau effect. 

All doses of aspirin that we have used inhibited COX-2 ex vivo and in vivo (Figures 3.4B 

and E). This result is not completely unexpected. Previous evidence have shown that low-

dose aspirin inhibits PGE2 in vitro, although more transiently than higher doses513, and 

decreases inflammatory cytokines in vivo436. Nevertheless, to our knowledge this is the 

first comprehensive characterisation of the effect of a range of aspirin doses on the 

activity of COX-2 in mice. The nature of COX-2 inhibition by low-dose aspirin is not known 
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and it might be related to an additional species-related difference in the drug 

bioavailability and/or pharmacology.  

All together, the chosen Medium and High doses of aspirin resemble the corresponding 

doses in humans and are associated with an anti-thrombotic and anti-inflammatory effect. 

In our hands, the Low dose was predominantly anti-inflammatory with minimal anti-

thrombotic effects, suggesting a different pharmacology of aspirin in mice. 

 

3.4.2 Aspirin exerts an anti-metastatic effect in experimental models 

We have applied the selected doses of aspirin to a well-established experimental model of 

lung metastasis, extensively used in our lab26,146. Mice were pre-treated with aspirin for 

two days before intravenous injection of tumour cells. This regime was chosen with the 

intention that the anti-platelet or anti-inflammatory effects of aspirin would be achieved by 

the time of tumour cell challenge. Accordingly, we have found an inhibition of the activity 

of COX-1 (Figure 3.3B) and COX-2 (Figure 3.4B and E) at 48 hours after the start of the 

treatment. Therefore, we can assume that aspirin has reached a full inhibitory effect at the 

moment of tumour cells introduction in the vasculature.  

After three weeks of chronic treatment, the number of metastatic lung nodules was 

reduced by more than 50% at the Medium and High doses (Figure 3.5B), while the Low 

dose did not significantly affect the numbers of metastases. Interestingly enough, the 5-

times increase of dose between the Medium and High regimes did not further decrease 

the number of metastatic lung nodules. Since the Medium dose showed close to the 

maximum anti-metastatic effect of aspirin, we used this dose in most in vivo experiments 

in the next Chapters. These findings are in agreement with the epidemiological data that 

found a protective effect of aspirin on distant metastasis at low-medium doses of <300 

mg/day, an effect that was not further enhanced at higher doses (>300 mg)428.  
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The anti-metastatic effect of aspirin negatively correlated with the drug intake (Figure 

3.5D), a result that confirms the well-established effect of aspirin in preventing 

experimental metastasis379-385. However, it is interesting to note that such effect takes 

place at a much lower dose than what was expected from the literature243,380,381.  

In order to exclude that the effect of aspirin on metastasis was restricted to melanoma 

cells and/or C57BL/6 mice, we have tested the effect of aspirin on alternative cell lines 

(MC-38-C57BL/6), mouse strains (4T1-BALB/c) and species of origin of the cell line 

(MDA-MB-231-SCID). Aspirin impaired metastasis establishment in all models to a similar 

extent (Figure 3.6E). Together with previous experimental evidence on alternative cell 

lines379-385, these results suggest the widespread inhibitory effect of aspirin on metastasis. 

Clinical studies have shown that the metastasis-preventive effect of aspirin is particularly 

pronounced on adenocarcinomas such as colorectal and other gastrointestinal 

cancers410,428. The effect of aspirin on MC-38 cells is in agreement with these data. We 

have also found that aspirin reduces experimental metastasis from non-adenocarcinoma 

cancers (breast and melanoma), for which no effect of aspirin on metastasis appearance 

was observed in clinical studies411,428. This discrepancy might be partially explained by the 

lack of primary tumour in our model, assuming that the early dissemination of different 

tumour types might be differentially decreased or enhanced by aspirin treatment. 

Moreover, Rothwell et al.418 have found that aspirin reduces the appearance of lung 

metastasis irrespectively of the primary tumour (HR 0.34, 95% CI 0.14–0.83). Our model 

of experimental metastasis reproduce the intravascular steps leading to lung colonisation, 

which are equally affected by aspirin over a range of tumour cell types, suggesting a 

general effect on tumour cell seeding in the lung vasculature. Considering the technical 

versatility of B16F10-C57BL/6 model and the extensive use in our lab26,146, we have 

chosen to employ the B16F10-C57BL/6 experimental model for the experiments of the 

next Chapters, although the most crucial findings were also confirmed in other cell models 

(data not shown). 
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Importantly, we observed a reduction of metastatic lung nodules only when COX-1 and 

COX-2 activity was inhibited (Medium and High doses), whereas the inhibition of COX-2 

alone (Low dose) was not sufficient. These observations might indicate a prominence of 

COX-1, rather than COX-2, in the metastatic process. In particular, metastasis inhibition 

was associated with a decrease of platelet-derived TXA2 and platelet aggregation, 

suggesting that COX-1 expressed by platelets supports metastasis. Although the role of 

COX-1 in other cell types cannot be ruled out, these evidences suggest that aspirin affects 

metastasis at least through an anti-coagulant effect derived from the inhibition of COX-1.  

 

3.4.3 COX-1 inhibition is sufficient to reduce metastasis 

The data collected so far have shown an anti-metastatic effect of Medium and High doses 

of aspirin that is associated with the inhibition of both COX-1 and COX-2. In order to 

dissect the contribution of each isoform to metastasis, we have employed selective 

inhibitors of COX-1 (SC-560) or COX-2 (NS-398). The selectivity of the chosen doses was 

confirmed though the evaluation of the residual activity of COX-1 and COX-2 ex vivo and 

in vivo (Figures 3.7C-E).  

When employed in our experimental model, NS-398 did not show any anti-metastatic 

effect on B16F10 and 4T1-derived lung metastasis, but it significantly inhibited MC-38-

GFP metastatic success (Figures 3.8), suggesting a certain extent of cell line-specificity 

(but not host-specificity). In support of this, previous evidence has shown an inhibition of 

metastasis in some cell lines but not in others, even at much higher doses of NS-398 

383,514. The reason for this difference is not known but we can hypothesise that it depends 

on the cell-specific phenotype and consequent drug sensitivity and interaction with the 

microenvironment. For instance, COX-2 is overexpressed in numerous tumour cell lines 

and solid tumours, particularly in the case of colorectal cancer460-465. Moreover, the 

inhibition of COX-2 decreases tumour cells proliferation515 and tumour growth516,517, an 
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effect that correlates with the level of COX-2 expression516-518. We have found that MC-38 

cells express much higher levels of COX-2 in comparison to B16F10 cells (data not 

shown), therefore they would be more sensitive to COX-2 inhibition. In this scenario, the 

nature of metastasis decrease by COX-2 inhibitors would be mostly tumour-centred and 

tumours that express low levels of COX-2 would be less affected by COX-2 inhibition.  

In contrast, SC-560 was found to inhibit metastasis in a wider range of experimental 

models, irrespective of mouse strain or tumour type (Figures 3.8B and D-F). Interestingly, 

SC-560 and ASA decreased the number of lung metastasis to a similar extent, suggesting 

that the inhibition of COX-1 by aspirin is sufficient to affect metastasis. COX-1 inhibition 

was effective on cell lines with high (MC-38) or no (B16F10) expression of COX-1 (data 

not shown and Figure 6.6B), suggesting that the inhibition of COX-1 in cancer cells has no 

impact on the anti-metastatic effect of ASA/SC-560. This observation is supported by 

ONCOMINE gene expression data (Supplementary figure S3), which shows that several 

cancer types (both adenocarcinoma and non-adenocarcinoma) express COX-1 to a 

comparable extent to normal tissue (Supplementary figure S3A). Additionally the level of 

COX-1 expression does not correlate with lower odds of metastatic cancer in randomised 

clinical trials of aspirin versus control (Supplementary figure S3B)428. This observation 

holds true for colorectal and gastric cancer, which are mostly affected by the anti-

metastatic effect of aspirin. These data suggest that the tumour-specific sensitivity to 

aspirin does not depend on COX-1 expression by tumour cells. If tumour COX-1 is not a 

target of metastasis prevention, then microenvironmental COX-1 could be involved. SC-

560, but not NS-398, reduced ex vivo TXA2 generation by platelets (Figure 3.7C), leading 

us to hypothesise that the inhibition of COX-1 in platelets contributes to the anti-metastatic 

effect of ASA and SC-560. In favour of this idea, Lewis Lung Carcinoma (LLC) cells, which 

are around 50% less prone to induce platelet aggregation than B16F10385, are less 

sensitive to SC-560 anti-metastatic effect383. This perspective would imply that platelets, 

rather than tumour cells, are the target of COX-1 inhibition. Thus, tumour types that 
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depend more on platelet aggregation for their dissemination would benefit more from the 

anti-metastatic effect of aspirin, providing a rationale for the tumour-specific sensitivity to 

the drug. 

The importance of COX-1 in the host microenvironment is further demonstrated by the 

reduction of metastasis in COX-1-/- mice (Figure 3.9A). In this model, COX-1 activity is 

inhibited in host cells, but not in tumour cells. The fact that COX-1-/- mice bore a similar 

number of lung metastasis to ASA- or SC-560-treated animals suggests that tumour cells 

are not the target of pharmacological inhibition. Together with the previous results, these 

observations suggest that COX-1 inhibitors reduce metastasis through a 

microenvironment-centred mechanism. This hypothesis will be further dissected by 

assessing the metastatic potential of MC-38 (high COX-1 expression) in COX-1-/- mice 

under vehicle or SC-560 treatment. 

The strong anti-metastatic effect associated with COX-1 inhibition is a novel finding, 

especially in a context where the contribution of COX-1 to cancer remains poorly 

understood. The little attention given to COX-1 derives from the constitutive nature of its 

expression and from its homeostatic functions, such as platelet aggregation and gastric 

cytoprotection. Over the past decades, these observations have made of COX-1 a less 

plausible candidate in tumour progression and have also complicated its use as 

pharmacological target. Since the inhibition of COX-1-derived prostanoids is responsible 

for the appearance of gastric ulcers and gastrointestinal bleeding, the most severe side 

effects of aspirin treatment, it follows that a further understanding the role of COX-1 in the 

dissemination of tumour cells could potentially help to design more efficient therapies for 

the prevention of metastasis. 
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3.4.4 Conclusions 

In this Chapter we have shown the development of an in vivo model of pharmacological 

inhibition of metastasis that will be employed in the next Chapters. Additionally, we have 

shown that the inhibition of metastasis by aspirin is associated with the inhibition of COX-

1, in particular in the microenvironment, suggesting a central role of this isoform in the 

development of metastasis. This finding represents the key point of this project and will be 

the focus of following dissertations. 
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4.1 INTRODUCTION 

In the previous Chapter we showed that aspirin decreases experimental metastases 

through a COX-1 dependent mechanism. So far, it seems that the inhibition of COX-1 

affects the behaviour of tumour cells through an indirect mechanism that involves the 

effect on the microenvironment. After the detachment of tumour cells from the primary 

tumour and the intravasation, the metastatic cascade can be generally divided into an 

intravascular, extravasation and extravascular phases. Luckily enough, the nature of the 

tumour cells-host interaction changes during these sequential phases (see section 1.1.2 

of Chapter 1), so the time-stratification of treatment can help understand the mechanisms 

of COX-1 contribution to metastasis.  

In this Chapter we suggest an effect of aspirin on early steps of metastasis, in particular 

the intravascular phase of tumour cell dissemination. This observation has important 

clinical outcomes for metastasis preventive therapies. Here I review the current state of art 

of the pharmacological treatment of metastasis and the available models to study the 

haematogenous transit of tumour cells. 

 

4.1.1 Metastatic (in)efficiency 

Metastasis is a very inefficient process and only approximately 0.01% of cancer cells 

released in the circulation can form metastasis. There are two main rate-limiting 

processes for the establishment of metastasis, seeding and growth311. Seminal work by 

Fidler65 showed that 125IUDR-labelled B16 melanoma cells arrest in the lungs shortly after 

intravenous introduction, but most of the arrested cells started to die and only 1.5% of the 
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injected tumour cells survived in the lungs during the first 24 hours. These findings have 

been confirmed in other models29,267,389,519-523. This evidence identified that metastatic 

inefficiency happens mainly during the intravascular phase of tumour cell dissemination. 

As described in section 1.1.2.2, circulating tumour cells are exposed to haemodynamic 

forces, anoikis and anti-tumour immune response, leading to cell death. In particular, the 

induction of apoptosis is an important determinant in metastatic inefficiency and 

apoptosis-resistant cells are more efficient in forming metastatic colonies524. However, 

most of the cells that succeed in completing the initial seeding will form overt metastasis 

which will kill the patient30, an idea supported by the negative correlation between the 

number of CTCs and prognosis in cancer patients60,525. Additionally, evidence suggests 

that tumour cells in established metastatic colonies can restart the metastatic cascade 

and invade tertiary distant sites. This is the case of metastasis-to-metastasis spread526,527 

or the re-colonisation of the primary tumour (self-seeding)528, which increases the 

aggressive phenotype of the tumour.  

In all these cases, the intrinsic metastatic inefficiency is not sufficient to abrogate the 

appearance of distant metastases. Thus, therapies that target the intravascular steps of 

metastasis would be beneficial for the prevention of metastasis appearance (either 

primary or secondary) and the overall progression of the disease. Possible targets could 

be phenotypic traits of disseminating tumour cells that allow the completion of the early 

metastatic cascade, however these features might differ among cancer types, stages of 

cancer and distinct disseminating cells. On the other hand, the host stroma is much more 

genetically stable than metastatic cells, hence targeted therapies against the metastatic 

microenvironment can be the best approach for anti-metastasis therapy39.  
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4.1.2 Animal models of the intravascular phase of metastasis  

Preclinical models represent a great tool to model the early steps of tumour cell 

dissemination, in particular experimental metastasis assays. ‘Experimental metastasis’ 

refers to a model where tumour cells are directly introduced in the systemic circulation529 

and differ to ‘spontaneous metastasis’ for the lack of a primary tumour529,530. Experimental 

metastases can be induced in different secondary organs: liver (intrasplenic or portal vein 

injection), brain (intracarotid injection), brain and bone (intracardiac injection) or lungs (tail 

vein injection). This organ tropism pattern depends both on the anatomical organisation of 

the vasculature downstream to the injection site and on the features of both tumour cells 

and secondary organ11,531-534. Although the relative contribution might change between cell 

lines, it is believed that both physical entrapment and selective recognition of target organ 

drive the metastatic pattern of tumour cells. 

In this project we have employed an experimental model of pulmonary metastasis to 

address the effect of COX inhibition on tumour cell spread. After intravascular 

introduction, tumour cells travel through the vena cava, reach the right atrium and are 

pumped by the right ventricle through the pulmonary artery into the pulmonary vasculature 

and they get entrapped in alveolar capillaries (Figure 4.1). In this sense, lung capillary 

beds work as size restriction filters for the initial arrest of tumour cells, making the lungs 

one of the most vulnerable organs for the development of metastasis. However, tumour 

cells can arrest also in vessels of larger size then their diameter (for example 

arterioles523), which suggests that the physical entrapment of tumour cells is not sufficient 

to allow extravasation and tumour cells need to establish more stable interactions with 

endothelial cells. Once extravasated in the lung parenchyma, tumour cells can stay 

quiescent for a various amount of time and in some cases they start the initial growth that 

will lead to the establishment of small lung nodules, called micrometastasis. If proliferation 

is sustained, micrometastasis will exponentially growth to form macrometastasis, the first 

form of clinically/experimentally detectable metastasis128. 
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Figure 4.1 – Experimental model of pulmonary metastasis. 

Tumour cells are introduced intravenously through tail vein injection. Tumour cells travel through 
the caudal veins and vena cava and reach the heart within seconds after the injection, then they 
are pumped through the pulmonary artery into the lung vasculature. Lung alveoli are surrounded by 
ramified networks of short capillaries with a diameter of 3-8 µm (in humans), a space sufficient for 
the transit (and oxygenation) of a single line of red blood cells. Tumour cells arrest in alveolar 
capillaries due to physical entrapment or receptor-ligand binding. Tumour cells then start to 
extravasate, a process that is completed between 1 and 4 days post-injection. A small percentage 
of cells will then progress into micro- and macro-metastases during the following 2 to 4 weeks, 
depending on the cell line. The collection of lungs at different time points allows the visualisation of 
tumour cells during their intravascular, extravasation or extravascular phase. 
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The efficiency of initial seeding can be evaluated on the base of the number of 

macrometastasis, assessed through different methods264,265,310,530,535-540. Lungs can also 

be harvested at earlier time points and represent one of the most suitable organs for the 

direct visualisation of tumour cells in the circulation of the whole fresh tissues (Figure 4.1). 

In comparison to tissue sectioning, whole lung imaging is less subject to technical 

artefacts because it preserves cell-cell and cell-ECM interactions and maintains the tri-

dimensional structure of the pulmonary vasculature523. We have employed a model of 

isolated-perfused whole lung541 and adapted it to visualise labelled tumour cells on the 

lung surface by in situ fluorescence imaging. This method has been extensively employed 

to visualise biochemical processes542,543 and tumour cells at different steps of the 

metastatic process26,29,215,494,523,544.  

More recently, the use of high-resolution intravital microscopy techniques (IVM) has been 

employed to analyse different steps of the intravascular phase of metastasis in living 

animals. These techniques rely on the implantation of imaging window chambers that 

allow the exposure of optically inaccessible tissues and the imaging of tumour cell 

seeding, invasion and early proliferation in the lungs545,546. This system represents a 

promising alternative to ex vivo whole lung microscopy and will allow a better 

understanding of the intravascular phases of metastasis. 

Overall, although the experimental pulmonary assay does not recapitulate earlier phases 

of the metastatic cascade, it represents an ideal method for the analysis of the 

haematogenous transit of tumour cell and early metastatic seeding. In this and the next 

Chapter, we have applied this method to evaluate tumour cell persistence in the lung 

vasculature and their interaction with other cell types in the circulation. 
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4.2 AIMS 

In this Chapter we have attempted to pinpoint the phase(s) of haematogenous metastasis 

where the contribution of COX enzymes is most prominent. In order to do so, we have  

1) characterised the early kinetics of metastasis engraftment in our model 

2) addressed the contribution of COX activity to the early persistence of tumour cells 

in the vasculature 

3) tested the effect of timely controlled treatment with aspirin and COX inhibitors on 

the establishment of metastatic lung nodules. 
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4.3 RESULTS 

 

4.3.1 Effects of COX inhibition on early phases of metastasis 

4.3.1.1 Kinetics of B16F10 extravasation in lungs 

Disseminating tumour cells remain in the blood stream for one to four days prior to 

extravasation, a time that varies depending on the type of primary tumour187. To 

understand the kinetics of tumour cells extravasation in our model, we injected 

fluorescently labelled B16F10 cells in C57BL/6 mice and monitored their extravasation 

status for 4 days in whole lungs. Endothelial cells were labelled shortly before lung 

isolation and perfusion. The number of non-extravasated, partially extravasated and 

extravasated tumour cells (Figure 4.2A) revealed that B16F10 cells were localised mainly 

intravascularly during the first 24 hours after tail vein injection and underwent 

extravasation between day 1 and 3. All remaining cells had extravasated at 4 days post-

injection (Figure 4.2B). 

We also evaluated the average number of tumour cell per FOV and the number of tumour 

cells per cluster, as representative of tumour cell survival and proliferation, respectively. 

The number of B16F10 cells rapidly decreased in the first day after injection, suggesting 

that only 25% of the total adhered tumour cells survive in the vasculature within this early 

time window. Then, the number of tumour cells reached a plateau at the following time 

points (Figure 4.2C, black curve). Concomitantly, tumour cells started proliferating from 

day 3 and the first micrometastases were visible on day 4 (Figure 4.2C, blue curve, and 

D).  

Together these data suggest that, in our experimental metastasis model, the seeding 

phase ends at 3-4 days after the injection and is immediately followed by the initial growth 

of tumour cells, most likely carried out by the first cells to have completed extravasation. 
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Figure 4.2 – Kinetics of B16F10 cells extravasation in lungs. 

(A) Representative maximum intensity projection (MIP) of 3D confocal stacks (20x, top) and 
surface reconstruction (bottom) of tumour cells (B16F10-CMFDA, green) in whole lungs of 
C57BL/6 mice intravenously injected with CD31-APC antibody to stain endothelial cells (red). 
Tumour cells were scored as Not extravasated (left panels), Partially extravasated (middle panels) 
or Extravasated (right panels) according to their localisation relatively to the labelled vasculature. 
Scale bars represent 10 µm. 

(B) Quantification of the number of Not extravasated, Partially extravasated and Extravasated 
B16F10-CMFDA cells, imaged in whole lungs up to 4 days after intravenous injection (n=3 mice 
per group, ≥6 tumour cells per lungs were analysed). 

(C) Number of tumour cells (black curve) and number of tumour cells per group (blue line) counted 
in microscopic FOV from whole lungs up to 4 days after intravenous injection of B16F10-CMFDA 
cells (n=3 mice per group, ≥6 FOVs per lungs were analysed). 



CHAPTER 4 –COX-1 inhibition impairs the intravascular phase of metastasis 

  126 

(D) Representative MIP of 3D confocal stacks (20x) of tumour cells (green) at different stages of 
proliferation, imaged in whole lungs of C57BL/6 mice with labelled endothelial cell (red). Scale bar 
represents 30 µm. 

 

4.3.1.2 Early persistence of tumour cells in the pulmonary vasculature is 

reduced by COX-1 inhibition 

To address the effect of COX-1 and/or COX-2 inhibition on tumour cells within the 

vasculature, we assessed the presence of tumour cells during the first 24 hours after 

injection with ASA, SC-560 or NS-398 treatment (Figure 4.3A). Both ASA and SC-560, but 

not NS-398, resulted in a reduction of the total number of tumour cells in the left lung one 

day after the injection (Figure 4.3B and C). A similar reduction was obtained when cells 

were injected in COX-1-/- mice (Figure 4.3D), suggesting that COX-1 is required for the 

persistence of tumour cells within the lung vasculature and the subsequent establishment 

of metastatic lung nodules.  

 

4.3.1.3 Early COX-1 inhibition affects metastatic lung nodules 

The data so far suggest that the inhibition of COX-1 affects tumour cells survival during 

the first 24 hours of their presence in the circulation. In order to determine the effect of 

early COX inhibition on the establishment of metastatic lung nodules, mice were treated 

with ASA, SC-560 or NS-398 for 3 weeks (ASA, SC-560 and NS-398 groups) or until one 

day after the intravenous injection of B16F10 cells (ASA-2g+1, SC-560-2g+1 and NS-

398-2g+1 groups) and the number of metastasis was assessed after 3 weeks (Figure 

4.4A). We observed a similar reduction of metastatic lung nodules in the ASA and SC-560 

groups compared to the -2g+1 treatment groups, while no NS-398 treatment regime 

affected metastasis (Figure 4.4B-D). These findings suggest that early steps of 

metastasis, in particular the haematogenous transit of tumour cells, are affected by COX-1 

inhibition and this effect is sufficient to reduce the onset of metastasis. 
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Figure 4.3 – COX-1 inhibition affects the early persistence of tumour cells in the lungs. 

(A) Experimental design to study the early persistence of tumour cells in lungs. Tumour cells 
(B16F10-CMFDA) were injected in the tail vein of C57BL/6 mice two days after the start of 
treatment with vehicle (Control), ASA, SC-560 or NS-398, delivered through drinking water. Lungs 
were harvested 24 hours after the injection and imaged as intact organ. The total number of tumour 
cells was counted on the surface of the left lung.  

(B) Representative confocal tile scans (left panels) and magnifications (20x, right panels) of the 
intact left lung of C57BL/6 mice at 24 hours after the injection of tumour cells (white), upon 
treatment with vehicle (top panels) or ASA (Medium dose, bottom panels). Scale bars represent 1 
mm (left panels) and 100 µm (right panels). 

(C) Total number of tumour cells in the intact left lung of C57BL/6 mice treated with vehicle, ASA 
(Low, Medium and High doses), SC-560 or NS-398 (n=6, 6, 7, 6, 4 and 5 mice, respectively), 
imaged at 24 hours after the injection of tumour cells (mean + SD, 1-way ANOVA with Tukey’s 
Multiple Comparison test).  

(D) Total number of tumour cells in the intact left lung of wild type (COX-1+/+) or COX-1-/- mice (n=6 
and 5 mice, respectively), imaged at 24 hours after the injection of tumour cells (mean ± SD, 
unpaired t test).  
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Figure 4.4 – COX-1 inhibition affects the intravascular phase of metastasis. 

(A) Experimental design to address the effect of COX inhibition on the intravascular phase of 
metastasis. C57BL/6 mice were treated with vehicle (Control), ASA (Medium dose), SC-560 or NS-
398 starting 2 days before the intravenous injection of B16F10 cells (day -2). Treatment was 
carried out until 21 days after injection (ASA, SC-560 or NS-398 groups) or up to one day after 
injection (-2g+1 groups, intravascular phase). For all groups, lungs were harvested at 3 weeks 
after tumour cells injection. 

(B) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, ASA or ASA -2g+1 (n=13, 13 and 6 mice, respectively). 

(C) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, SC-560 or SC-560 -2g+1 (n=12, 12 and 10 mice, respectively). 

(D) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, NS-398 or NS-398 -2g+1 (n=10, 16 and 10 mice, respectively). 

All data are represented as median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test. 

 



CHAPTER 4 – COX-1 inhibition impairs the intravascular phase of metastasis 

 129 

 

4.3.2 Effect of COX inhibition on the extravasation phase of metastasis 

We have previously shown that in our model tumour cells extravasate between day 1 and 

day 3 after their intravenous injection. We wanted to address whether the extravasation 

phase of metastasis is also affected by COX inhibition. Mice were treated for 3 weeks 

(ASA, SC-560 or NS-398 groups), until day 4 (ASA -2g+4, SC560 -2g+4, NS-398 -

2g+4) or from day 1 to day 4 (ASA +1g+4, SC560 +1g+4, NS-398 +1g+4) after 

intravenous injection and lungs were collected at day 21 (Figure 4.5A). While -2g+4 

treatment should affect both intravascular and extravasation phases of metastasis, the 

+1g+4 treatment was planned to only affect the extravasation process, without interfering 

with the adhesion of tumour cells to the lung vasculature. The number of lung nodules 

was decreased by ASA and SC-560 -2g+4 treatment, but not when treatment was 

delivered from day 1 to day 4 (Figures 4.5B and C). NS-398 did not affect metastasis at all 

treatment schedules (Figure 4.5D). When compared with the results of Figure 4.4, there is 

a trend indicating that -2g+4 treatment further inhibited metastasis in comparison to -

2g+1 treatment, although not in a significant way. These results indicate that metastasis 

is prevented by COX-1 inhibition carried out until the completion of tumour cells 

extravasation, but the inhibition of the extravasation phase alone is not sufficient to reduce 

metastasis establishment. This observation suggests that COX-1 might play a pivotal role 

during the intravascular phase of the metastatic process, in particular at the survival, 

adhesion and initial extravasation steps.  
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Figure 4.5 - Effects of COX inhibition on the intravascular and/or extravascular phase of 
metastasis. 

(A) Experimental design to address the effect of COX inhibitor on the intravascular and/or 
extravasation phases of metastasis. C57BL/6 mice were treated with vehicle (Control), ASA 
(Medium dose), SC-560 or NS-398 and intravenously injected with B16F10 cells on day 0. 
Treatment was carried out starting 2 days before until 3 weeks after injection (ASA, SC-560 or NS-
398 groups), starting 2 days before up to 4 days after injection (-2g+4 groups, intravascular and 
extravasation phase) or between 1 to 4 days after injection (+1g+4 groups, extravasation phase). 
For all groups, lungs were harvested at 3 weeks after tumour cells injection. 

(B) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, ASA, ASA -2g+4 or ASA +1g+4  (n=13, 13, 5 and 6 mice, respectively). 

(C) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, SC-560, SC-560 -2g+4 or SC-560+1g+4  (n=12, 12, 5 and 6 mice, 
respectively). 

(D) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, NS-398, NS-398 -2g+4 or NS-398+1g+4  (n=10, 16, 6 and 5 mice, 
respectively).  

All data are represented as median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test. 
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4.3.3 COX-1 inhibition does not affect the extravascular phase of metastasis 

As represented in Figure 4.2, B16F10 tumour cells complete the extravasation process 4 

days after their intravenous injection, a time point when all cells can be localised in the 

lung parenchyma. ASA, SC-560 or NS-398 treatment was delivered for 3 weeks or from 

day 4 until day 21 (ASA +4g+21, SC560 +4g+21, NS398 +4g+21) (Figure 4.6A). The 

count of lung nodules revealed that this late treatment did not affect metastasis for all 

three drugs tested (Figure 4.6B-D). These findings support the idea that COX-1 inhibition 

affects metastasis when tumour cells are in the vasculature or extravasating, but not when 

the extravasation process has completed. In this perspective, COX-1 seems to have a 

role during the presence of tumour cells in the vasculature or in the extravasation process, 

but could not have an effect after the extravasation of tumour cells. 
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Figure 4.6 - COX-1 inhibition does not affect metastasis after tumour cells extravasation. 

(A) Experimental design to address the effect of COX inhibitor on the extravascular phase of 
metastasis. C57BL/6 mice were treated with vehicle (Control), ASA (Medium dose), SC-560 or NS-
398 and intravenously injected with B16F10 cells on day 0. Treatment was carried out starting 2 
days before until 21 days after injection (ASA, SC-560 or NS-398 groups) or starting 4 days until 21 
days after injection (+4g+21 groups, extravascular phase). For all groups, lungs were harvested at 
3 weeks after tumour cells injection. 

(B) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, ASA or ASA +4g+21 (n=13, 13 and 6 mice, respectively). 

(C) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, SC-560 or SC-560 +4g+21 (n=12, 12 and 5 mice, respectively). 

(D) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, NS-398 or NS-398 +4g+21 (n=10, 16 and 6 mice, respectively). 

All data are represented as median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test. 
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4.4 DISCUSSION 

In the previous Chapter we have shown that the inhibition of metastasis by aspirin is 

associated with the inhibition of COX-1 activity. In order to understand the cellular and 

molecular mechanism through which COX-1 contributes to metastasis, we have started to 

investigate the kinetics of metastasis inhibition by aspirin.  

 

4.4.1 Analysis of B16F10 extravasation kinetics 

Tumour cells can take a variable number of days to complete the extravasation phase537. 

The efficiency and kinetics of the early phases of metastasis are different depending on 

the model, tumour cell lines and site of injection. These differences are determined by 

physical factors, such as the size and blood pressure of the target organ or the size and 

deformability of the tumour cells128. Moreover, cell- and organ-specific expression of 

adhesion molecules and their ligands or release of chemokines would influence the 

efficiency of homing. 

In order to characterise the timing of adhesion, extravasation and early proliferation of 

B16F10 cells, we have employed a well-established model of whole lung imaging 

technique. This model allows the visualisation of labelled tumour cells within the 

superficial lung vasculature in the intact lungs (Figure 4.2). In our model, the very initial 

arrest of tumour cells in the lungs is probably due to multiple mechanisms. On the one 

hand, around 20% of tumour cells were physically entrapped in lung capillaries due to size 

restriction (Supplementary figure S4). Microscopic pictures of lungs collected immediately 

after injection show tumour cells squeezed into the vasculature, within capillaries of 

smaller diameter than tumour cells. Moreover, the presence of the tumour cell restricted 

the access of the labelling anti-CD31 antibody to endothelial cells around and 

downstream the tumour cells, which is an indication of capillary trapping546. These 
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observations suggest that passive mechanisms of adhesion take place early after the 

injection of B16F10 cells.  

On the other hand, some indications suggest the early presence of adhesion mechanisms 

between tumour and endothelial cells. First, endothelial cells were labelled in proximity of 

the majority of tumour cells (around 80%), suggesting that enough space was present 

between tumour cells (and possibly not imaged associated platelets) and luminal surface 

of the endothelium for the access of anti-CD31 antibody (Supplementary figure S4). 

Second, the imaged tumour cells resisted the lung perfusion process, which likely 

happens at higher sheer rates than the normal blood flow. Finally, the surface 

reconstruction of tumour cells and lung vasculature showed that the diameter of the 

vessel was visibly larger than the one of most tumour cells. Together, these observations 

suggest that some retained tumour cells do not reach the capillaries but localise in pre-

capillary arterioles due to specific adhesion to the luminal surface of the endothelium. It is 

well established that circulating tumour cells interact with platelets early after the 

intravasation and are surrounded by platelets clots within few minutes103. Activated 

platelets express adhesion molecules and can work as bridges for the interaction between 

tumour cells and endothelium, in particular in capillary beds547. It is possible that the early 

adhesion of tumour cells to the lung vasculature is mediated by the interaction with 

platelets and it should then be targeted by anti-thrombotic therapies. This hypothesis will 

be tested in the next Chapters. 

Although the initial arrest of tumour cells in the lung vasculature is considered to be very 

efficient, the further steps in the cascade are less successful128. It has been previously 

shown that 98% B16F10 cells injected into the tail vein are found in the lungs one hour 

after injection537. We found that the number of tumour cells in the lung vasculature 

exponentially decreased in the first 24 hours and further diminished until the second day 

post-injection, reaching a nadir (Figure 4.2C). Only around 25% of the initially arrested 
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cells were found in the lungs one day after the injection, suggesting that the majority of 

cells are cleared due to apoptosis or immune surveillance. 

We have also observed the initial step of tumour cells seeding in the lung parenchyma. At 

day 4 post-injection, around 17% of the tumour cells detected in the lungs were part of 

multicellular foci, which indicates the reinitiation of their growth. All these cells were 

localised in the extracellular space, suggesting that the intravascular proliferation is a rare 

event for B16F10 cells523. Proliferating cells represented the 1.4% of all cells detected 

immediately after injection. Considering that only 0.04% of all total cells would form 

metastatic lung nodules, the initial proliferation of extravasated cells does not guarantee 

their development into metastatic lung nodules.  

 

4.4.2 COX-1 inhibition affects the intravascular phase of metastasis 

In this Chapter we have tested the effect of COX inhibition on the early permanence of 

tumour cells within the lung vasculature. At one day after the injection, 85% of B16F10 

cells are localised within the lung vasculature, either adhered or at early stages of 

extravasation (Figure 4.2B). Hence, we have employed the isolated-perfused lung model 

to image the total number of tumour cells in the left lung, which has been previously 

shown to correlate with early tumour cells survival26,29,146. The data here presented show 

that the inhibition of COX-1, achieved through pharmacological treatment (ASA or SC-

560) or genetic depletion (COX-1-/- mice), was associated with a reduced number of 

tumour cells in the lungs at early stages (Figure 4.3D). This effect could be due to a 

number of factors. 

First, COX-1 inhibition might affect tumour cells survival due to a direct cytotoxic effect of 

COX-1 inhibitors on tumour cells. However, a similar reduction in the number of tumour 

cells at 24 hours post-injection was found in lungs from COX-1-/- mice (Figure 4.3D), 

where COX-1-/- inactivation takes place in host cells only. This observation suggests that 
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any effect on tumour cells survival would be due to the inhibition of COX-1 in the 

microenvironment. During the first 24 hours after injection, the majority of B16F10 cells is 

localised within the lung vasculature, where platelets and endothelial cells are the most 

prominent source of micro-environmental COX-1. In particular, previous evidence 

suggests that the inhibition of platelet aggregation could result in a reduced survival of 

tumour cells in the circulation (see section 1.1.3.1 for details).  

Another possible explanation for the reduction of early tumour cells persistence in the 

lungs could be an effect of COX-1 inhibition on adhesion to the endothelium. This 

hypothesis implies that if tumour cells cannot establish stable interactions with endothelial 

cells, they would be washed away by perfusion, experimentally, or shear stress, 

physiologically. As commented previously, around 80% of B16F10 cells seem to be 

localised in pre-capillary arterioles and adhere with the endothelium shortly after their 

introduction in the circulation. Considering that the interaction of tumour cells with platelets 

happens shortly after their introduction in the vasculature, we can hypothesise that the 

presence of COX-1-inactive or -deficient platelets in the circulation would dramatically 

decrease their ability to form adhesive bridges between tumour cells and endothelial cells. 

Finally, around 30% of tumour cells have started to extravasate at 24 hours post-injection 

(Figure 4.2B). It is possible that COX-1 inhibition affects TEM, thus reducing the initial 

lung seeding. 

All together, the most likely scenario is that the decrease in the number of tumour cells at 

24 hours is due to a combination of reduced survival, adhesion and TEM. This hypothesis 

will be addressed in the next Chapters. 

The inhibition of tumour persistence in the lungs at early time points has long-term effects 

on the establishment of metastasis. In fact, metastatic lung nodules were reduced by 

COX-1 inhibition to a similar extent irrespectively whether treatment was carried out for 3 

weeks or until one day after tumour cell injection (Figure 4.4B and C). Moreover, we have 
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seen a similar relative reduction in the number of tumour cells in the lungs at one day 

post-injection (Figure 4.3B) and the number of lung nodules at three weeks post-injection 

(Figure 3.5B). These observations suggest that the anti-metastatic effect of aspirin is 

mostly effective during the presence of tumour cells in the circulation, corresponding to 

the seeding phase of metastasis. 

 

4.4.3 COX-1 is not essential for the extravasation phase of metastasis 

The data presented so far suggest that COX-1 has a pivotal role during the first day of 

tumour cell presence in the circulation, but it does not exclude an effect on subsequent 

phases of metastasis beyond their intravascular localisation. The extravasation process of 

B16F10 cells extends over a period of three days and all viable cells have extravasated at 

four days after the injection (Figure 4.2B). On this basis, we have analysed the effect of 

COX inhibitors on these phases of metastasis.  

The inhibition of COX-1 did not reduce metastasis when mice were treated during their 

extravasation (from day 1 to day 4 after injection, Figure 4.5), although a trend without 

significance was seen in the case SC-560. These findings would imply that COX-1 activity 

is not essential for the extravasation phase per se.  

Consistent with this, metastatic lung nodules were found reduced when COX-1 was 

inhibited during both intravascular and extravasation phases of metastasis (Figure 4.5B 

and C). The extent of this anti-metastatic effect was similar to a treatment carried out for 

the whole length of the experiment or interrupted one day after the injection of tumour 

cells. Thus, extending COX-1 inhibition after the first 24 hours did not significantly improve 

the anti-metastatic outcome. All together, these findings suggest that COX-1 inhibitors 

(ASA and SC-560) exert their anti-metastatic effect when administered during the first day 

of tumour cells dissemination, when tumour cells are still circulating.  
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Nevertheless, these data do not totally exclude an effect of COX inhibition on 

extravasation. A fraction of B16F10 had already started the extravasation process during 

the first day after injection (Figure 4.2B). In theory, the first tumour cells that engage in 

TEM possess a more invasive phenotype and re-initiate proliferation shortly after their 

extravasation. Considering the anti-metastatic effect of early COX-1 inhibition, it is 

possible that COX-1 would partly contribute to the extravasation phase, a hypothesis that 

will be tested in the Chapter 5. 

 

4.4.4 COX-1 inhibition does not affect the progression of metastasis after tumour 

cells extravasation  

We sought to understand the effect of COX inhibition on later stages of the metastatic 

process, in particular after the extravasation of tumour cells. In order to do so, mice were 

treated with ASA, SC-560 or NS-398 starting at 4 days after tumour cells challenge, a time 

point where all B16F10 were extravasated in lungs (Figure 4.2B). The number of 

metastatic lung nodules was not affected by this late treatment (Figure 4.6), suggesting 

that COX-1 and COX-2 do not contribute to the establishment of metastatic lung nodules 

after the extravasation of tumour cells. The extravascular phase would include early 

survival of tumour cells in the extravascular space, initiation of proliferation 

(micrometastasis) and persistent growth (macrometastasis).  

It is important to note that, just based on the data presented, we cannot exclude an effect 

of COX inhibition on the proliferation of disseminated cells. According to the experimental 

metastasis model employed here, the number of metastatic lung nodules is representative 

of tumour cell survival and seeding efficiency, in particular during the haematogenous and 

perivascular phases of metastasis.  On the contrary, the measurement of the nodules size 

is representative of the proliferation of tumour cells in the metastatic site. The visual 

examination of lungs from ASA, SC-560 and NS-398-treated mice has suggested that 
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metastatic foci are smaller in presence of COX-2 inhibition (data not shown), suggesting 

an anti-proliferative effect. In the future, the calculation of the metastatic index (total 

metastasis volume/whole lung volume) from lung sections  will help to further understand 

the role of COX inhibition on metastasis progression. 

 

4.4.5 Clinical outcomes 

We have shown that the inhibition of COX-1 affects the initiation and early progression of 

metastasis, but not its sustained growth. These observations have important clinical 

outcomes. Primary tumours constantly shed tumour cells in the circulation and it is 

believed that tumour cell dissemination starts at very early stages in some types of 

cancer548,549. Since the anti-metastatic action of aspirin is achieved shortly after the 

entrance of tumour cells in the circulation, it follows that cancer patients should be 

administered adjuvant low-dose aspirin treatment at the moment of cancer diagnosis.  

This treatment would be particularly beneficial for patients with localised cancer at the 

moment of diagnosis but it could also improve the overall survival of patients with 

metastatic disease. On the one hand, numerous evidences have shown an effect of 

aspirin on the growth of the primary tumour370-375. This would suggest that, irrespectively 

from the stage of cancer, aspirin would be a valuable therapy to prevent tumour 

expansion and, hypothetically, metastasis growth. On the other hand, established 

metastases can behave like primary tumour and shed disseminating tumour cells, which 

can then re-colonise the primary site (“tumour self-seeding”)528 or engraft new sites 

(“metastasis-to-metastasis seeding”)526,527. In both cases, aspirin would still prove 

beneficial to limit tumour spread across the body.  

Together with our findings, these considerations suggest that low-dose aspirin could 

represent a cost-effective means to control tumour cells spread in cancer patients, 

especially when early cancer diagnosis is available. However, the balance between 
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therapeutic and side effect needs to be carefully evaluated. When treatment with aspirin is 

not an option, the employment of more selective inhibitors (such as SC-560) could be an 

alternative. Additionally, the further understanding of COX-1 contribution to tumour spread 

could help to design more efficient therapies for the prevention of metastasis.  

 

4.4.6 Conclusions 

Overall, in this Chapter we have described the kinetics of metastasis inhibition by aspirin 

and selective COX inhibitors. After the empirical description of the dynamics of tumour cell 

extravasation, we have differentiated the treatment in time slots that would affect tumour 

cells within the lung vasculature, during the extravasation and in the lung extravascular 

space. Our results suggest that COX-1 inhibition primarily affects the intravascular phase 

of metastasis and this effect is sufficient to reduce the number of metastatic lung nodules 

at later time points.  

During these early stages tumour cells undergo a series of steps of the metastatic 

cascade, such as interaction with platelets and immune cells, initial entrapment in 

capillaries and adhesion to the endothelium. Moreover, a fraction of tumour cells start the 

extravasation process. Chapter 5 will be focusing on the contribution of COX-1 to each of 

these steps, with the purpose of investigating the molecular mechanisms behind COX-1-

dependent impairment of metastasis. 
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5 CHAPTER 5  

COX-1 contributes to multiple steps of 

the intravascular phase of metastasis 
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5.1 INTRODUCTION 

	
5.1.1 Role of the metastatic niche during the haematogenous transit of tumour 

cells 

The metastatic cascade is a multi-step process that goes from the dissociation from a 

primary tumour to the formation of distant metastases in the secondary organ. During the 

intravascular phase, CTCs transit in the blood stream until they arrest in a distant vascular 

bed. The blood circulation represents a very hostile environment, where tumour cells are 

exposed to cell death by shear stress and cytotoxic immune cells (see section 1.1.2.2). 

Both intrinsic features of the tumour cells and their interaction with other cell types within 

the circulation allow them to survive and seed a distant organ. In particular, circulating 

tumour cells with advantageous traits are able to trigger the generation of a pro-thrombotic 

‘early metastatic niche’103 that supports their seeding and progression. This niche is 

constituted by platelets, immune cells and endothelial cells and their soluble factors.  

Overall, platelets are a central orchestrator for the generation of microemboli containing 

tumour cells, platelets and immune cells, localised in close proximity to endothelial cells in 

the microvasculature. The formation of these aggregates promotes metastasis through 

multiple mechanisms, involving increased survival, adhesion and invasiveness of tumour 

cells (see section 1.1.3.1). Moreover, local paracrine signalling activates expression 

programs in tumour cells that would affect their ability to invade the secondary organ after 

the dissolution of the heteroaggregates and extravasation. 

The inability of tumour cells to trigger platelet aggregation on their surface had been 

extensively linked to metastatic inefficiency and the expression of pro-coagulant factors by 
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CTCs is positively selected for metastasis. Thus, platelets represent a selection driver for 

metastatic phenotype. 

 

5.1.2 Contribution of COX-1 to the interaction of tumour cells with platelets 

Tumour cells can interact with platelets through multiple mechanisms, which include the 

expression of pro-coagulant TF and of the adhesion molecule PSGL-1 (see section 

1.1.2.3). TF-mediated TCIPA has been documented in numerous cell lines and the 

expression of TF and ß3 integrins by tumour cells correlates with metastatic potential115. In 

our model, it is believed that the main mechanism of TCIPA initiation by B16F10 is the 

expression of TF26 and not PSGL-1267. While PSGL-1 mediates the direct interaction with 

P-selectin on platelets, TF requires the activation of the coagulation cascade. In fact the 

formation of TF-VIIa complex leads to the activation of thrombin, which plays a central role 

in the formation of thrombus. On the one hand, thrombin binds to PAR receptors on 

platelets and induces platelet activation550. This process involves a Gq and G13-mediated 

signalling cascade that leads to the inside-out activation of integrin αIIbß3 to its high-affinity 

state and the phosphorylation of myosin light chain, which induces platelet change of 

shape and degranulation114. On the other hand, thrombin cleaves soluble fibrinogen to 

fibrin monomers (fibrinopeptide A and B), which polymerise to form fibres551. The high-

affinity forms of integrins αvß3 on tumour cells and αIIbß3 on platelets bind to fibrin and 

mediate the deposition of fibrin clots on the surface of tumour cells106. This process is 

referred to as initiation of thrombus formation. 

The initial generation of thrombin by TF-VIIa complexes is highly inefficient because of the 

low concentration of other coagulation factors106. Hence, the initial thrombus is rather 

small and it may contain non-activated platelets106. The expansion of the thrombus 

requires the recruitment and activation of other platelets, which will provide additional 

coagulation factors for the expansion and stabilisation of the clot106,552. This process is 
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mediated by the activation of integrin αIIbß3 and the release of adhesion molecules 

contained in the α-granules of platelets, such as vWF. Thus, the initial layer of activated 

platelets in the clot serves as adhesive surface for the tethering of other platelets. This 

binding is stabilised by the release of activation agonists (e.g. ADP and serotonin), 

contained in the dense-granules of platelets106,553. TXA2 is also a secondary mediator of 

the amplification of thrombus formation, being a potent agonist of platelet aggregation. In 

contrast with other agonists, its generation relies on the de novo synthesis from lipid 

precursors554. Thrombin activation of platelets induces the increase of cytosolic Ca2+, 

which activates phospholipase A2 (PLA2) and its translocation into the plasma membrane. 

PLA2 then releases AA in the cytoplasm, which is converted by COX-1 and TXAS into 

TXA2 (see section 1.2).  

The inhibition of COX-1 by low-dose aspirin is associated with a sustained inhibition of 

TXA2 synthesis by platelets. Since the initial aggregation of platelets on TF-expressing 

tumour cells is mediated by other mechanisms, aspirin is able to reduce the expansion of 

platelets-fibrin clots but not the initial formation. Thus, aspirin is normally referred to as a 

weak platelet inhibitor. 
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5.2 AIMS 

The data collected so far suggest that the preventive effect of aspirin on metastasis relies 

on the inhibition of COX-1, in particular during the intravascular phase of pulmonary 

metastasis. In this chapter we have employed in vitro and in vivo assays to investigate the 

effects of COX inhibition on multiple steps of the haematogenous transit of tumour cells. In 

particular, we have focused on exploring COX contribution to: 

1) the interaction with host circulating cells (platelets and monocytes/macrophages) 

2) the adhesion of tumour cell to the endothelium and TEM. 
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5.3 RESULTS 

 

5.3.1 Effects of COX inhibition on the interaction of tumour cells with blood 

elements 

5.3.1.1 The inhibition of COX-1 reduces platelet aggregation on tumour cells 

Platelets can aggregate on the surface of B16F10 cells through a TF-dependent 

mechanism26. The inhibition of COX-1 activity is sufficient to inhibit platelet aggregation ex 

vivo (Figure 3.3C and D) and concomitantly decrease the number of metastatic lung 

nodules (Figure 3.5B and C). We hypothesise that COX-1 inhibition results in a decreased 

aggregation of platelets on tumour cells (TCIPA), which leads to a lower metastatic 

capacity of tumour cells. To test this, labelled B16F10 cells (B16F10-CMAC) and platelets 

(Plts-PKH26) were injected into the opposite tail veins of Cx3CR1gfp/+ mice treated with 

ASA, SC-560 and NS-398 (Figure 5.1A). The interaction of tumour cells and platelets 

within the vasculature was analysed in whole lungs 8 hours after the injection. In particular 

we measured the percentage of tumour cells associated with platelets, the number of 

platelet aggregates per tumour cells and the size of platelet clots, which are 

representative parameters of the efficiency of the initiation (percentage of tumour cells 

with aggregates) or expansion (number and size of aggregates) phases of thrombus 

formation. No treatment affected the interaction of platelets on B16F10 cells, since all cells 

were associated with platelet clots in untreated or treated mice (Figure 5.1B and C). This 

observation confirmed that the initiation of platelet aggregation on tumour cells does not 

rely on COX isoforms. Nevertheless, ASA and SC-560, but not NS-398, decreased the 

number (Figure 5.1B and D) and the size (Figure 5.1B and E) of clots per tumour cell. 

These findings were validated in vitro, where labelled tumour cells (B16F10-CMFDA) and 

platelets (Plts-PKH26) were co-incubated in the presence of the different treatments  
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Figure 5.1 – The inhibition of COX-1 reduces the aggregation of platelets on tumour cells.  

(A) Experimental design to visualise tumour cells interaction with platelets within the pulmonary 
vasculature. Labelled tumour cells (B16F10-CMAC) and platelets (Plts-PKH26) were injected in the 
opposite tail veins of Cx3cr1gfp/+ mice, two days after the start of treatment with vehicle (Control), 
ASA (all doses), SC-560 or NS-398. Lungs were harvested at 8 hours after the injection and 
imaged as intact organs. 

(B) Representative MIP of 3D confocal stacks of tumour cells (blue) and platelets (red) in whole 
lungs of Cx3cr1gfp/+ mice, treated with vehicle, ASA, SC-560 or NS-398. Scale bar represents 30 
µm. 

(C-E) Percentage of tumour cells associated with platelets (C) (n=3 mice, 15 FOVs per lung were 
analysed; median ± IQR, 1-way ANOVA with Kruskal-Wallis test with Dunn’s Multiple Comparison 
post-hoc test), number of clots per tumour cells (D) (n=3 mice, 3 cells per lung were analysed; 
mean ± SD, 1-way ANOVA with Tukey’s Multiple Comparison test) and cumulative volume of clots 
per tumour cell (E) (n=3 mice, ≥3 clusters per lung were analysed; mean ± SD, 1-way ANOVA with 
Tukey’s Multiple Comparison test) in lungs from mice treated with vehicle, ASA, SC-560 or NS-
398, quantified from confocal microscopy images (20x and 40x) of whole lungs. 

(F) Representative MIP of 3D confocal stacks of tumour cells (B16F10-CMFDA, green) seeded on 
culture slides and incubated with platelets (Plts-PKH26, red) in the presence of vehicle, ASA, SC-
560 or NS-398. The nuclei of tumour cells were stained with DAPI after fixation (blue). Scale bar 
represents 30 µm. 

(G-H) Percentage of tumour cells associated with platelets (G) and cumulative volume of platelet 
clot per tumour cells (H) upon vehicle, ASA, SC-560 or NS-398 in vitro treatment, quantified from 
confocal microscopy images of culture slides (n=2 independent experiments, ≥4 cells per group 
were analysed; mean ± SD, 1-way ANOVA with Tukey’s Multiple Comparison test). 

 

(Figure 5.1F-H). These findings confirmed that the inhibition of COX-1, but not of COX-2, 

affects the exponential phase of platelet aggregation and the recruitment of new platelets, 

decreasing the size and number of platelets aggregates on tumour cells. 

 

5.3.1.2 COX-1 inhibition in platelets reduces TCIPA 

The inhibition of platelet aggregation on tumour cells could be equally due to an effect of 

COX-1 inhibition on tumour cells or platelets. Platelets or tumour cells were pre-incubated 

with ASA, SC-560 or NS-398, then drugs were washed away and cells were co-incubated 

to analyse platelet aggregation on tumour cells (Figure 5.2A-C). The percentage of tumour 

cells associated with platelets was decreased by ASA and SC-560 when platelet and 

tumour cells were treated together (Figure 5.2A) or when platelets alone were pre-treated 

(Figure 5.2B), but not when tumour cells were pre-treated (Figure 5.2C).  
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These data confirm that the inhibition of COX-1, but not of COX-2, impairs the aggregation 

of platelets on tumour cells and this is due to an effect on platelets rather than on tumour 

cells. Together with the previous data, this evidence suggests that aspirin inhibits COX-1 

in the microenvironment, rather than in tumour cells.  

 

Figure 5.2 – The inhibition of COX-1 in platelets is responsible for the decreased 
aggregation on tumour cells.  

(A) (Top panel) Experimental design: tumour cells (B16F10-CMFDA) were incubated with platelets 
(Plts-PKH26) in the presence of vehicle (Control), ASA (Medium dose), SC-560 or NS-398. 
(Bottom panel) The percentage of tumour cells associated with platelets was quantified from 
confocal microscopy images (20x) (n=3 independent experiments, ≥14 cells were analysed). 

(B) (Top panel) Experimental design: tumour cells were incubated with platelets that had been pre-
treated with vehicle, ASA, SC-560 or NS-398. (Bottom panel) The percentage of tumour cells 
associated with platelets was quantified from confocal microscopy images (20x) (n=3 independent 
experiments, ≥12 cells were analysed). 

(C) (Top panel) Experimental design: tumour cells were pre-treated with vehicle, ASA, SC-560 or 
NS-398 and incubated with platelets. (Bottom panel) The percentage of tumour cells associated 
with platelets was quantified from confocal microscopy images (20x) (n=3 independent experiment, 
≥14 cells were analysed). 

All data are represented as mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test. 
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5.3.1.3 COX-1 inhibition reduces the recruitment of monocytes/macrophages to 

tumour cells 

As described in sections 1.1.2.5 and 1.1.3.3, tumour cells interact with immune cells, 

which can alternatively play a permissive or anti-tumour role. Previous work in our lab has 

shown that clots on the surface of tumour cells recruit a population of 

monocytes/macrophages that promotes the survival of disseminating cells and further 

development into metastasis26. To analyse if aspirin interferes with this recruitment, we 

injected fluorescently labelled tumour cells and platelet in Cx3cr1+/gfp mice treated with 

ASA, SC-560 and NS-398 (Figure 5.1A). In this mouse strain circulating 

monocytes/macrophages express GFP26,493. Although most tumour cells were still 

surrounded by clots (Figure 5.1B and C), ASA and SC-560 reduced the number and size 

of clots within the cluster (Figure 5.3A-C). As a consequence, all tumour cells were 

surrounded by monocytes/macrophages clusters (Figure 5.3A), but the size of clusters 

was reduced upon ASA and SC-560 treatment (Figure 5.3D), suggesting that the 

magnitude of recruitment positively correlate with the mass of platelets clot (Figure 5.3E). 

Together, these results suggest that the anti-thrombotic effect of aspirin leads to a 

reduced recruitment of monocytes/macrophages to tumour cells. Previous evidence has 

shown that monocytes/macrophages support the survival and metastatic efficiency of 

tumour cells26. These data imply that one possible mechanism through which COX-1 

inhibition affects metastasis could be the impairment of the recruitment of pro-metastatic 

monocytes/macrophages to tumour cells during the first hours of metastatic 

dissemination. 
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Figure 5.3 – COX-1 activity is required for the recruitment of monocytes/macrophages to 
tumour cells.  

(A) (see Figure 5.1A for the experimental design) Representative MIP of 3D confocal stacks of 
tumour cells (B16F10-CMAC, blue), platelets (Plts-PKH26, red) and Cx3CR1+ 
monocytes/macrophages (GFP, green) imaged in whole lungs from Cx3cr1gfp/+ mice at 8 hours after 
the intravenous injection of tumour cells. Mice were pre-treated with vehicle (Control), ASA (all 
doses), SC-560 or NS-398 starting 2 days before the injection. Scale bars represent 50 µm. 
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(B-C) Number (B) and cumulative size (C) of clots of platelets in clusters of 
monocytes/macrophages and tumour cells, calculated from confocal microscopy images (20x and 
40x) (n=3 mice per group, ≥9 clusters per lungs were analysed; median ± IQR, 1-way ANOVA 
Kruskal-Wallis test with Dunn’s Multiple Comparison post-hoc test). 

(D) Total volume of monocytes/macrophages cluster, calculated from confocal microscopic images 
(20x) (n= 3 mice,  ≥4 clusters per lungs were analysed; median ± IQR, 1-way ANOVA Kruskal-
Wallis test with Dunn’s Multiple Comparison post-hoc test). 

(E) Correlation plot of the monocytes/macrophages volume versus the cumulative size of clots 
within the cluster (n=49; Spearman rank correlation). 

 

 

5.3.2 Effects of COX inhibition on tumour cell interaction with the vasculature  

5.3.2.1 COX-1 inhibition decreases vasoconstriction 

In physiological conditions, vascular smooth muscle cells express TP (Supplementary 

figure S7) and respond to TXA2 stimulation by contracting, leading to vasoconstriction555. 

COX-1 inhibition decreases the synthesis of TXA2 by platelets (Figure 3.3B). It has been 

suggested that a fraction of circulating cells arrest in the lung vasculature due to physical 

entrapment rather than receptor-ligand interaction (Supplementary figure S4). In order to 

verify if aspirin affects the diameter of vessels lumen through the inhibition of COX-1, lung 

sections from mice treated with ASA, SC-560 or NS-398 were immunostained for 

endothelial cells (vWF) and the diameter of vessels was measured. As expected, the 

inhibition of COX-1 by ASA and SC-560 was associated to a higher calibre of lung 

vessels, while the inhibition of COX-2 by NS-398 did not alter their diameter (Figure 5.4A 

and B). Moreover, the overall percentage of capillary-sized vessels (≤60 µm diameter556) 

was decreased by ASA and SC-560 treatment (Figure 5.4C). These results suggest that 

the inhibition of TXA2 release, mainly by platelets associated with tumour cells, decreases 

the contraction of vascular muscle cells, leading to vasoconstriction. This effect might be 

responsible for a lower number of tumour cells entrapped in the lung vasculature and to a 

decrease of metastatic efficiency. 
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Figure 5.4 – COX-1 inhibition is associated with reduced vasoconstriction. 

(A) Representative MIP of 3D confocal stacks of lung sections from Cx3cr1gfp/+ mice treated with 
vehicle (Control), ASA (Medium dose), SC-560 or NS-398, starting 2 days before the intravenous 
injection of tumour cells. Endothelial cells were labelled by immunofluorescence staining with an 
anti-vWF antibody (green) and nuclei were stained with DAPI (blue). Scale bars represent 100 µm. 

(B) Quantification of the luminal diameter of pulmonary vessels in lung sections from mice treated 
with vehicle, ASA, SC-560 or NS-398 (n=3 mice per group, ≥7 vessels per lung were analysed; 
mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test). 

(C) Percentage of vessel classified on the basis of diameter size as capillaries (≤60 µm), 
arterioles/venules (60-100 µm) arteries/veins (>100 µm) (according to 556) and normalised to the 
total number of vessels per FOV (n=3 mice per group, ≥7 vessels per mouse were analysed; mean 
values).  
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5.3.2.2 COX-1 activity contributes to endothelial activation 

Upon stimuli, endothelial cells can undergo activation and express adhesion molecules 

such as E-selectin, ICAM-1 and VCAM-1. These markers are not expressed in 

physiological conditions and assist the adhesion of leukocytes during inflammatory 

response129. Additionally, it has been shown that endothelial activation can be triggered by 

the presence of clots on the surface of tumour cells in the lung vasculature and allow 

firmer adhesion of tumour cells to the vasculature in the metastatic process146. We 

investigated whether aspirin affects endothelial activation by evaluating the expression of 

an endothelial activation marker (VCAM-1) in lung sections. Our data show that the ASA 

reduced the percentage of tumour cells associated with VCAM-1 expressing vessel 

(Figure 5.5A and B) and the level of expression of VCAM-1 by endothelial cells (Figure 

5.5C). These data suggest that the activity of COX-1 is required for tumour cell-induced 

endothelial activation. To support this observation, in future plans we will assess the 

expression of VCAM-1 in lung sections from mice treated with SC-560 or NS-398.  
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Figure 5.5 – ASA decreases the activation of endothelial cells. 

(A) Representative MIP of 3D confocal stacks of lung sections from Cx3cr1gfp/+ mice treated with 
vehicle (Control) or ASA (Medium dose), starting 2 days before the intravenous injection of 
B16F10-CMRA tumour cells (orange). Activated endothelial cells were labelled by 
immunofluorescence staining with an anti-VCAM-1 antibody (red). Scale bar represents 50 µm. 

(B-C) Quantification of the number of tumour cells associated with VCAM-1 expressing vessels (B) 
and fluorescence intensity of VCAM-1 in endothelial cells (C), assessed in confocal microscopy 
images (20x) (n=3 mice, ≥6 tumour cells per lung were analysed; mean + SD, unpaired t test). 
Tumour cells were considered associated with a VCAM-1 expressing vessel if localised at a 
distance of 80 µm or less, as previously indicated146.  
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5.3.2.3  COX-1 inhibition reduces the adhesion of tumour cells to the 

endothelium 

Decreased endothelial activation has been correlated with a lower number of metastatic 

lung nodules146. This effect is possibly due to a disruption of receptor-ligand interaction 

between tumour cells-platelet aggregates and endothelium, leading to a reduced 

adhesion. We have tested this hypothesis by employing a tissue culture microfluidic 

system with time lapse imaging to model in vitro tumour cell arrest and adhesion under 

flow. Briefly, lung microvascular endothelial cells (LMVECs) were isolated from C57BL/6 

mice, as previously shown489, and grown in culture. Then labelled tumour cells (B16F10-

CMFDA) and platelets (Plts-PKH26), all derived from a syngeneic host, were infused onto 

a monolayer of LMVECs under flow with a physiological shear stress of 0.05 dyn/cm2 and 

adhesion was acquired in real time (Figure 5.6A). All cells were pre-treated with vehicle, 

ASA, SC-560 or NS-398 prior to the flow experiment. As depicted in Figure 5.6B and C, all 

drug treatments affected the number of adhered tumour cells to the endothelium. 

Additionally, the interaction between tumour cells and endothelium was resistant to the 

challenge with an increased shear stress pressure (1 dyn/cm2 for 2 minutes, 

Supplementary figure S5). These data suggest that both COX-1 and COX-2 contribute to 

the early arrest/adhesion of tumour cells. 

Additionally, we have quantified the percentage of tumour cells associated with platelets 

at the end of the flow experiment. We saw that ASA and SC-560, but not NS-398, 

decreased platelet aggregation on tumour cells (Figure 5.6D), consistent with an effect of 

COX-1 inhibition on TXA2 generation.  These observations suggest that TCIPA has a 

permissive role for tumour cell adhesion to the endothelium and point out the importance 

of COX-1 in the tumour- or stroma-to-platelets signalling. Since COX-2 inhibition did not 

affect platelet aggregation, its effect on adhesion might be tumour-dependent.  
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Figure 5.6 – COX-1 inhibition reduces the adhesion of tumour cells to the endothelium and 
decreases tumour cell-platelet interaction under shear stress. 

(A) Selected still images of time-lapse microscopy analysis of tumour cells (B16F10-CMFDA, 
green) adhering to lung microvascular endothelial cells (LMVECs, DIC) in the presence of platelets 
(Plts-PKH26, red) under 0.05 dyn/cm2 shear stress. The sequence shows the association of 
tumour cells to platelets and the adhesion to the endothelium. Scale bar represents 20 µm. 

(B) Representative epifluorescence images (10x) of tumour cells, platelets and endothelial cells 
after 10 minutes of 0.05 dyn/cm2 shear stress upon vehicle (Control), ASA, SC-560 or NS-398 pre-
treatment. Scale bars represent 100 µm. 

(C-D) Quantification of the relative number of adhered tumour cells, normalised to vehicle (C) (n= 4 
independent experiments, 10 FOVs per repetition), and the percentage of tumour cells associated 
with platelets (D), calculated from epifluorescence images acquired after 10 minutes of 0.05 
dyn/cm2 shear stress. Tumour cells, platelets and endothelial cells were pre-treated with vehicle, 
ASA, SC-560 or NS-398 treatment (n=4 independent experiments, ≥4 FOVs per repetition).  

All data are represented as mean ± SD, 1-way ANOVA with Tukey’s Multiple Comparison test. 
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5.3.2.4  COX-1 inhibition affects transendothelial migration (TEM) 

A high number of B16F10 cells arrest in the lung vasculature shortly after their 

introduction in the circulation or their passage over lung microvascular endothelial cells 

(Figure 5.6), either through physical trapping, direct contact or platelet-mediated adhesion. 

However, only few of those cells will form overt metastasis. Our previous data suggest 

that COX-1 inhibition might affect the early extravasation of tumour cells. In order to 

explore this hypothesis, we analysed the effect of COX inhibition on TEM of tumour cells 

in the presence of platelets through a surrogate assay. Briefly, labelled tumour cells 

(B16F10-CMFDA) and platelets (PKH26-Plts) were added to a monolayer of LMVECs and 

their intercalation within the monolayer was analysed in real time under static conditions. 

Upon intercalation, tumour cells change from a round shape to an elongated one, with the 

formation of invadopodia during intermediate stages (Figure 5.7A). Hence, tumour cells 

were scored as not intercalated (round-shaped), intercalating (round-shaped with 

protrusions) and intercalated (spindle-shaped) through the measurement of their ellipticity 

with Imaris software. We confirmed that numerical measurement corresponded to the 

visual classification (Supplementary figure S6). In order to address the contribution of 

COX-1 and COX-2, ASA, SC-560 and NS-398 were added to the medium shortly before 

the start of image acquisition. We saw that ASA and, to a lesser extent, SC-560 affected 

the efficiency of transmigration (Figure 5.7B). In particular, tumour cells initiated 

intercalation and extracalation (reverse transmigration) multiple times in the presence of 

ASA (see asterisks in Figure 5.7C), but few cells were able to permanently intercalate. In 

contrast, NS-398 did not affect the intercalation of tumour cells. These data suggest that 

COX-1, but not COX-2, contribute to the extravasation of tumour cells. 
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Figure 5.7 – COX-1 inhibition is associated with a reduced TEM efficiency. 

(A) Representative epifluorescence images and ellipticity (oblate) quantification of tumour cells 
(B16F10-CMFDA, green) intercalation within an endothelial cells monolayer (LMVECs, DIC). 
Tumour cells were scored as not intercalated, intercalating or intercalated according to cell shape 
and ellipticity thresholds. Scale bar represents 20 µm. 

(B) Percentage of intercalated tumour cells upon vehicle (Control), ASA, SC-560 and NS-398 
treatment, monitored for 10 hours (n=3 independent experiments, ≥22 cells per FOV were 
analysed; mean ± SD, Nonlinear fit with extra sum-of-square F test). 

(C) Selected still epifluorescence microscopy images (10x) of time-lapse microscopy analysis of 
tumour cells (B16F10-CMFDA, green) intercalating within a monolayer of LMVECs (DIC) in the 
presence of platelets (Plts-PKH26, red). The co-culture was treated with vehicle or ASA shortly 
before image acquisition. Arrows indicate the contact of tumour cells with platelets; asterisks 
indicate the start of intercalation. Scale bar represents 10 µm.   
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5.3.2.5 Platelets interaction with tumour cells contributes to TEM 

We sought to further understand the mechanism through which COX-1 inhibition affected 

tumour cells extravasation. We have established that the aggregation of platelets on 

tumour cells is reduced by COX-1 inhibition (Figure 5.1 and 5.6D). We thus hypothesised 

that the reduction of tumour cell intercalation by ASA and SC-560 was a platelet-

dependent mechanism. To test this hypothesis we used different approaches.  

First, non-intercalated tumour cells travel for longer tracks and at higher speed than 

intercalated cells (Figure 5.8B, where cell 1 is not intercalated and cell 2 is intercalated). 

Thus the movements of tumour cells associated (at a distance ≤2 µm from adjacent 

platelets) or not associated (at a distance >2 µm from adjacent platelets) with platelets 

were tracked over time through an algorithm generated on Imaris software. We found that 

the speed (Figure 5.8B) and track length (Figure 5.8C) of tumour cell movement was 

significantly higher if they were not associated with platelets, suggesting that they were 

less likely to intercalate.  

Second, we monitored the intercalation of tumour cells incubated with endothelial cells 

alone or in the presence of platelets. As depicted in Figure 5.8D, the absence of platelets 

reduced the efficiency of intercalation by affecting the percentage of intercalated cells and 

by inducing reverse transmigration of tumour cells. The effect of platelets depletion was 

more pronounced than the treatment of tumour cells, platelets and endothelial cells with 

ASA (Figure 5.7B).   

To confirm a direct effect of platelet contact with tumour cells, we monitored the 

intercalation state (ellipticity) of tumour cells during or immediately after the interaction 

with platelets. We found that vehicle- and NS-398-treated tumour cells initiated 

intercalation 10 minutes after the interaction with one ore more platelets (Figure 5.8E and 

F). In contrast, platelet interaction with tumour cells did not induce any significant change 

of shape in the presence of ASA and SC-560, suggesting that the contact of tumour cells 
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Figure 5.8 – The association of platelets with tumour cells supports tumour cell TEM. 

(A) Representative epifluorescence images of tumour cells (B16F10-CMFDA, green) movement on 
endothelial cells (LMVECs, DIC) for an intercalated (green track) or non-intercalated (blue track) 
tumour cells. Distance and speed of tumour cell movement were analysed through ImageJ 
software (v1.46r). Scale bar represents 20 µm. 

(B-C) Velocity (B) and distance (C) of tumour cell movement when associated or not associated 
with platelets (n=3 independent experiments, ≥150 cells per repetition were analysed; median ± 
IQR, Mann Whitney test). 
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(D) Percentage of intercalated tumour cells incubated with endothelial cells in the presence (+Plts) 
or absence (-Plts) of platelets, monitored for 10 hours (n=3 independent experiments, ≥150 cells 
per repetition were analysed; mean ± SD, Nonlinear fit with extra sum-of-square F test). 

(E) Relative ellipticity (normalised to t=0) of tumour cells during (t=0 min) or after (t=10 min) contact 
with one or more platelets, calculated from epifluorescence images of time-lapse microscopy. 
Tumour cells, platelets and endothelial cells were co-cultured in the presence of vehicle (Control), 
ASA, SC-560 or NS-398 (n= 3 independent experiments, 10 cells per repetition were analysed; 
mean ± SD, unpaired t test). 

(F) Selected still epifluorescence microscopy images (10x) of time-lapse microscopy analysis of 
tumour cells, endothelial cells, and platelets in co-culture treated with vehicle (Control) or ASA 
shortly before image acquisition. Arrows indicate the contact of tumour cells with platelets. Scale 
bars represent 20 µm.  

 

 

with platelets is not sufficient to induce intercalation in the absence of COX-1 activity 

(Figure 5.8E and F). 

All together, these data suggest that the interaction of platelets with tumour cells supports 

tumour cells transmigration. In particular, the presented results suggest a role of platelets 

as chaperones for the initiation of tumour cells intercalation in the endothelium, a function 

that is abrogated by COX-1 inhibition.  
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5.4 DISCUSSION 

In the previous Chapter we have pinpointed the effect of aspirin and COX-1 inhibition on 

the intravascular phase of metastasis and in particular on the first day of the presence of 

tumour cells in the circulation. During their haematogenous transit tumour cells undergo a 

series of interrelated steps that lead to the colonisation of the secondary organ and are 

mainly associated with the vasculature, either adhered to the endothelium or 

extravasating. 

In this Chapter we have attempted to analyse the effects of COX inhibitors on the early 

dissemination of tumour cells, with the aim of explaining the mechanism underlying 

metastasis inhibition by aspirin. 

 

5.4.1 COX-1 activity in platelet is important for their aggregation on tumour cells 

It is well established that tumour cells trigger the aggregation of platelets on their surface 

through several mechanisms (see section 1.1.2.3.2). This process is normally referred to 

as TCIPA (Tumour Cell-Induced Platelet Aggregation). Considering that the activity of 

COX-1 in platelets is essential for their aggregation (Figure 3.3 and 3.9), we have 

investigated the effects of COX inhibition on the interaction between tumour cells and 

platelets, both in vivo and in vitro. Our data indicate that the inhibition of COX-1, but not of 

COX-2, reduced TCIPA (Figure 5.1). As expected, thrombosis was not completely 

abrogated by COX-1 inhibition but tumour cells were surrounded with fewer aggregates of 

smaller size. In our model, the expression of TF, but not P-selectin ligand267, is necessary 

for TCIPA initiation by B16F10 cells26. Moreover, the interaction between B16F10 cells 

and platelets can be abolished by hirudin, an inhibitor of thrombin activity26,267. Thus, the 

initial activation of platelets and interaction with B16F10 cells can be mediated by TF-

dependent thrombin generation, which leads to the formation of fibrin clots on the surface 

of tumour cells. By inhibiting COX-1, ASA and SC-560 did not affect the initial interaction 
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of platelets with tumour cells but significantly reduced the TXA2-driven thrombus growth. 

This confirms the role of de novo synthesised TXA2 as second-wave agonist of platelet 

aggregation. 

Alternatively, the protective effect of platelets towards tumour cells would motivate the fact 

that all tumour cells were surrounded by clots, even in the presence of anti-coagulant 

therapy. Since the ability of tumour cells to induce TCIPA is an adaptive mechanism 

enabling survival in the hostile circulatory microenvironment113, it is possible that only 

tumour cells associated with platelets clots are able to persist, and be imaged, in the 

lungs. In this sense, the first line of metastasis inhibition by aspirin would be the reduction 

of tumour cells interaction with platelets. This observation is in agreement with our 

previous findings where the persistence of tumour cells in the lung vasculature was 

reduced by ASA and SC-560 by one day after injection (Figure 4.3). Thus, the decreased 

number of tumour cells would be partially due to the initial inhibition of platelet interaction 

with tumour cells through a COX-1 dependent mechanism.  

Interestingly, the reduction of TCIPA was due to COX-1 inhibition in platelets, but not in 

tumour cells. Consistent with the reduction of metastasis in COX-1-/- mice, this observation 

suggests that the metastatic process is affected by COX-1 inhibition in the 

microenvironment. In particular, the effect of COX-1 in platelets seems to be a central hub 

in aspirin anti-metastatic effect. In the future, the analysis of tumour cell-platelets 

interaction in COX-1-/- mice or in mice where platelets have been selectively targeted with 

COX-1 inhibitors will help to clarify the contribution of platelet COX-1 to metastasis. 

 

5.4.2 Adhesion to the endothelium 

Another possible reason for the reduced presence of tumour cells in the lungs at early 

time points could be the impairment of tumour cells adhesion to the endothelium. Here, 
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we have tested this hypothesis and found that COX-1 inhibition affects tumour cells 

adhesion through multiple mechanisms. 

First, inhibition of COX-1 decreases vasoconstriction (Figure 5.4). This effect is likely due 

to the reduced levels of TXA2 in ASA and SC-560-treated mice, whereby TXA2 signals to 

vascular smooth muscle cell and induces their contraction. Taking into account that the 

percentage of capillary-sized vessels in the lungs is reduced by 50% by COX-1 inhibition, 

the chances of tumour cells getting physically entrapped are diminished. Also, the 

inhibition of platelet aggregation on tumour cells upon COX-1 inhibition may decrease the 

entrapment in the lung capillaries. 

Nevertheless, lungs are one of the organs where melanoma tumour cells preferentially 

home in mice, suggesting that specific receptor-ligands interactions contribute to the 

adhesion process. We have gathered some evidence that COX-1 inhibition impairs 

endothelial activation by reducing the expression of the adhesion molecules VCAM-1 in 

vessels adjacent to tumour cells (Figure 5.5). Previous studies have indicated that the 

abrogation of endothelial activation reduces the establishment of metastasis by affecting 

both tumour cell adhesion and later progression of the nodule146. Indeed, melanoma cells 

express VLA-4, the ligand for VCAM-1, and can firmly adhere to activated endothelium557. 

Additionally, VLA-4-VCAM-1 activates an “outside-in” signalling cascade in endothelial 

cells that induces endothelial cell retraction558 and MMPs secretion559, thus allowing 

tumour cell TEM. Thus, COX-1 inhibition can affect metastasis in part through the 

inhibition of endothelial activation. 

The mechanisms driving the induction of endothelial cell activation are not completely 

understood. It has been previously shown that endothelial cells are activated by clots on 

the surface of tumour cells and the use of the thrombin-inhibitor hirudin decreases tumour 

cell-induced endothelial activation119,146. By reducing the number and size of platelet clots 

on tumour cells, ASA and SC-560 might affect endothelial activation through an anti-
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thrombotic effect. Additionally, the reduced size of clots on tumour cells could explain the 

lower expression levels of VCAM-1 in vessels associated with tumour cells upon ASA 

treatment and could also account for a reduced adhesion of tumour cells to the 

endothelium.  

In order to further clarify which mechanisms underlie the contribution of COX-1 to tumour 

cells adhesion in vivo, we have started to investigate the effect of COX inhibitors on an in 

vitro microfluidic model, where tumour cells and platelets were placed under flow on a 

monolayer of endothelial cells under physiological shear stress. By using this approach 

we were able to show that the adhesion of tumour cells to microvascular endothelial cells 

was affected by COX-1 and COX-2 inhibition, although we hypothesise that this depends 

on different mechanisms.  

On the one hand, COX-2 inhibition did not affect platelet aggregation on tumour cells and 

might affect adhesion by targeting primarily tumour cells. Previous evidence show that 

COX-2-derived PGE2 induces VEGF expression560, which promotes tumour cell adhesion 

to the vasculature561. Nevertheless, we did not detect any in vivo effect of NS-398 on the 

early permanence of tumour cells in the lung vasculature, suggesting that the effect on 

tumour cells adhesion might only be evident in vitro where tumour cells are more directly 

exposed to the drug. 

On the other hand, the inhibition of COX-1 reduced the adhesion of tumour cells to the 

microvasculature and, concomitantly, decreased the association of tumour cells with 

platelets (Figure 5.6C and D), compatible with the inhibition of TXA2 signalling. Platelets 

form adhesive bridges for the adhesion of tumour cells to the vasculature547, providing 

evidence that the effect of COX-1 on adhesion might be platelet-mediated. 

It is worth noticing that the effect of COX inhibition on tumour cell adhesion is not very 

pronounced, suggesting that it might only be a minor component to the anti-metastatic 

effect of aspirin. Consistent with this observation, previous in vivo studies have shown that 
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the absence of platelets did not decrease the initial adhesion of tumour cells, but it 

affected the establishment of metastatic lung nodules at later time points103. Accordingly, 

in our microfluidic model the immobilisation of tumour cells to the endothelium happened 

quickly, with no evident rolling (similar to the in vivo behaviour151), and the majority of 

adhered tumour cells were not associated with platelets (Figure 5.6). These observations 

suggest that the adhesion can take place through direct interaction of tumour cells with 

the endothelium mediated by adhesion molecules and cognate ligands that are expressed 

beforehand by tumour and endothelial cells. For instance, VCAM-1/ICAM-1 on endothelial 

cells can interact with α4ß1/αLß2 integrins on tumour cells147,148. Also, TF-expressing 

tumour cells can form direct and stable interactions by binding TFPI on endothelial 

cells562. The establishment of direct receptor-ligands interactions could explain why a 

higher shear stress did not disrupt the adhesion of tumour cells on the endothelium 

(Supplementary figure S5). 

All together these evidences suggest that COX-1, in vivo and in vitro, and COX-2, only in 

vitro, can reduce tumour cell arrest in the lung microvasculature. To our knowledge, this is 

the first evidence directly linking COX-1 to the inhibition of tumour cell immobilisation. The 

inhibition of TXA2 signalling by/to platelets and endothelial cells seems to be the most 

plausible underlying mechanism, due to its effect on tumour cell-platelet interaction and 

endothelial activation. This hypothesis will be discussed in Chapter 6. 

 

5.4.3 Recruitment of monocytes/macrophages 

Monocytes/macrophages are recruited to platelet aggregates on tumour cells arrested in 

the lung vasculature and promote their survival and progression into metastatic nodules26.  

We have hypothesized that one of the possible mechanisms through which aspirin inhibits 

metastasis is through the reduction of myeloid cells recruitment to tumour cells. The data 

here presented showed that the pharmacological treatment with COX-1 inhibitors affected 
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the efficiency of monocytes/macrophages recruitment to tumour cells by reducing the 

number of immune cells per cluster (measured as cluster size in Figure 5.3D). Previously, 

Gil-Bernabé et al.26 found a similar effect in CD11b-DTR model, where the formation of 

smaller clusters was sufficient to reduce the survival and metastatic capacity of tumour 

cells. It follows that although COX-1 inhibition did not abrogate the recruitment of 

monocytes/macrophages to tumour cells, the reduction of the cluster size would be 

sufficient to reduce metastasis. 

Interestingly, the size of the cluster positively correlated with the size of platelets clot 

(Figure 5.3E), suggesting that the extent of monocytes/macrophages recruitment depends 

on the efficiency of platelet aggregation on the surface of tumour cells. In particular, the 

initial interaction of platelets with B16F10 cells, which is mainly driven by a TF-dependent 

mechanism, was not reduced by ASA and SC-560 and could allow a limited recruitment of 

monocytes/macrophages. Instead, the expansion phase of thrombus growth was reduced 

by COX-1 inhibition thus affecting the number of myeloid cells in the cluster. The 

correlation between clot size and macrophage recruitment could be due to different but 

interrelated mechanisms. On the one hand, activated platelets can directly recruit 

monocytes/macrophages through the release of soluble factors contained in their 

granules103,135,186,187, a mechanism employed to attract immune cells to the site of vascular 

lesion or inflammation. On the other hand, Laubli et al.119 have shown that tumour cells 

associated with platelets and leukocytes induce the release of CCL5 by endothelial cells, 

which in turn recruits pro-metastatic monocytes. Finally, monocytes express VLA-4141, the 

endogenous VCAM-1 ligand. Thus, the induction of endothelial activation by clots on the 

surface of tumour cells might contribute to the arrest of monocytes/macrophages in the 

proximity of tumour cells. 

Collectively, these observations suggest that clots on the surface of tumour cells promote 

the recruitment of monocytes/macrophages through multiple mechanisms, both direct 

(release of chemoattractants by platelets) or indirect (endothelial activation and release of 
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chemokines). Thus, the effect of ASA and SC-560 on monocytes/macrophages 

recruitment could depend on both the decrease of the critical mass of platelet clots and 

the subsequent reduction of endothelial activation. Besides the role of thrombosis, in the 

next Chapter we will discuss the possible effect of TXA2 signalling in the recruitment of 

monocytes/macrophages. 

 

5.4.4 Transendothelial migration 

Our previous data suggested that around 30% of total tumour cells in the lungs have 

started extravasating at one day after the injection, suggesting the TEM process starts 

early after the entry of tumour cells in the circulation. Considering that treatment with ASA 

and SC-560 during these early time points reduces metastasis, we have decided to test 

the effect of COX inhibition on TEM. The study of TEM in vivo through intravital 

microscopy can be very challenging, especially due to the short time window of its 

manifestation. As a starting point, we have chosen an in vitro surrogate model based on 

the ability of tumour cells to intercalate within a monolayer of endothelial cells. Although 

this model has some limitations, such as recapitulating TEM under static conditions and 

the lack of an extravascular space, it has previously shown a good correlation with the 

metastatic success of tumour cells in vivo215,494.  

We found that the inhibition of COX-1 led to a less efficient tumour cell intercalation within 

the endothelial monolayer (Figure 5.7). In fact, upon ASA and, to a lesser extent, SC-560 

treatment tumour cells underwent repeated attempts to intercalate, followed by reverse 

transmigration, but only few cells remained intercalated for the whole experiment. 

Although COX-1 could affect TEM through alternative mechanisms, here we have taken in 

consideration the effects of COX-1-dependent inhibition of platelet aggregation on TEM.  

We have shown that tumour cells bound to platelets are more prone to undergo 

intercalation and the presence of platelets in the system enhances tumour cell 
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intercalation (Figure 5.8). Interestingly, the initial contact of tumour cells with platelets 

induced an immediate shape change towards a more invasive phenotype in the presence 

of functional COX-1 (Figure 5.8E and F). These results are in agreement with previous 

reports suggesting that the direct contact of tumour cells with platelets promotes tumour 

cell extravasation and metastasis. In particular, Labelle et al.18 have shown that the 

activation of NF-κB pathway in tumour cells exposed to platelet interaction, which in turn 

induces EMT and the adoption of an invasive phenotype.  

Nevertheless, we have gathered some preliminary evidence that tumour cell-platelet 

contact alone is not sufficient for TEM. In fact, platelet interaction with tumour cells upon 

COX-1 inhibition did not induce the initiation of TEM (Figure 5.8E and F). These 

observations suggest that COX-1 activity is required for platelet-induced TEM, indicating 

that COX-1-derived soluble factors, additionally to physical contact, prime tumour cells for 

extravasation. Although other platelet-derived soluble factors have been found to 

stimulate a pro-invasive phenotype18, this is the first report of the contribution of COX-1 

products in priming tumour cells for extravasation. All together, the combination of fewer 

interactions between tumour cells and platelets and the inhibition of COX-1 derived 

soluble mediators can account for the inhibitory effect of COX-1 inhibition on TEM. 

Our system did not allow the discrimination of the source of COX-1 metabolites 

responsible for TEM induction. In future plans, the use of COX-1-/- depleted platelets or 

the independent treatment of tumour cells, platelets and endothelial cells with COX 

inhibitors will greatly help to determine the role of COX-1 in the intercalation process.  

 

5.4.5 Conclusions 

In this Chapter we have shown the effect of pharmacological inhibition of COX on some 

steps of the haematogenous transit of tumour cells. It appears that the inhibition of COX-1 

activity decreases the aggregation of platelets on tumour cells, which per se is sufficient to 
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impair metastasis18,26,103,146,243-249. Nevertheless, it also affects multiple consequent steps 

in the metastatic cascade (see section 1.1.3.1). Here we have identified the contribution of 

COX-1 to endothelial cell activation, adhesion of tumour cells to the endothelium, 

recruitment of monocytes/macrophages and TEM, all steps involved in the initial 

metastatic seeding. So far, it appears that these processes are affected by the reduced 

aggregation of platelets on tumour cells. Next Chapter will focus on understanding the 

source and contribution of COX-1-derived TXA2 in our model and the effect of TXA2 

inhibition on metastasis. 
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6.1 INTRODUCTION 

Together, the data collected so far highlight a pivotal role of the COX-1 isoform during the 

haematogenous transit of tumour cells. Cells in the vascular or peri-vascular niche can 

synthesise and/or respond to several prostanoids in both a paracrine and autocrine 

manner. In general, prostanoids have a very short half-life, so they act at very short 

distances. The main COX-1-derived prostanoids associated with the vascular system are 

thromboxane A2 and prostacyclin (PGI2). Additionally, under pro-inflammatory conditions, 

the synthesis of COX-2 derived PGE2 may be induced in immune cells and endothelial 

cells. Considering the contribution of platelets in the metastatic niche in our system, we 

have focused on the signalling pathway of TXA2 in the context of tumour metastasis. 

 

6.1.1 TXA2 signalling during haematogenous metastasis 

Several cell types can be responsible for TXA2 generation. Activated platelets are the 

main site of TXA2 production, both in the circulation and systemically, although 

monocytes/macrophages, endothelial cells and vascular/bronchial smooth muscle cells 

can also release TXA2. Therefore, highly vascularised tissues such as lungs, kidney and 

heart show a high expression of proteins involved in TXA2 metabolism563.  

TXA2 is a very potent agonist of platelet activation and its synthesis is tightly regulated 

physiologically to avoid excessive thrombosis and vasoconstriction, conditions associated 

with stroke and myocardial infarction. In this sense its short half-life in the circulation is an 

auto-regulatory mechanism to limit its range of action to the site of injury564. However, 

TXA2 metabolism and signalling is often imbalanced in pathological conditions such as 
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atherosclerosis, arthritis, asthma and cancer. TXAS has been found overexpressed in a 

series of cancer cell lines and cancer samples in comparison to adjacent normal 

tissues565-571, which results in higher TXA2 concentration in tissue samples567,569,572-575. 

TXAS expression is a prognostic marker of reduced survival, invasion566,570,571 and 

metastasis576. Additionally, platelet aggregates on tumour cells contribute to the 

generation of TXA2, even in the absence of TXAS/COX-1 expression by tumour cells.  

Many cells in the vascular niche express TP receptor, suggesting that TXA2 signalling 

might go well beyond the activation of platelet aggregation. Indeed, recent evidence 

suggests that TXA2 is an orchestrator of physiological responses to vascular damage and 

might be involved in metastatic seeding.  

 

6.1.1.1 TXA2 signalling on platelets 

Historically, the signalling of TXA2 in platelets is the best-characterised downstream 

cascade of TXA2. Platelets express high levels of TP, both the TPß and (preferentially, in 

humans) TPα isoform. The interaction TXA2:TP leads to various cellular responses on the 

basis of the G proteins activated by receptor agonism (Figure 6.1). 

The activation of Gq proteins leads to the release of Ca2+ and the activation of PKC and 

PI3K, leading to granule secretion, activation of integrin αIIbß3 and change of shape with 

the production of pseudopodia564,577-579. Additionally, the increase of intracellular Ca2+ 

activates PLA2 to release AA, leading to the de novo synthesis of more TXA2 and the 

further expansion of the thrombus564,580. On the other hand, the activation of G12/13 leads to 

the activation of RhoA GTPase581 and ROCK564 and following phosphorylation of myosin 

light  
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Figure 6.1 – TXA2 signalling cascade in platelets. 

Diagram depicting the intracellular signalling cascade downstream to TXA2:TP interaction on the 
membrane of platelets. TP is a 7-transmembrane G-protein coupled receptor and activates G12/13 
and Gq. Upon TXA2 agonism, Gq dissociates and releases Gαq, which activates PLC-β2/3, which 
hydrolyses membrane PIP2 into DAG and IP3. Both DAG and IP3 induce the increase of 
intracellular Ca2+, a central event that mediates the inside-out activation of αIIbβ3 integrin to its high 
affinity state and platelet degranulation. Additionally, DAG induces granules secretion through the 
activation of PKC. The mobilisation of intracellular Ca2+ activates membrane PLA2 to release AA, 
which is then converted into TXA2 by the coupled activity of COX-1 and TXAS. Concomitantly, the 
release of Gα12 from G12/13 dissociation induces Rho-GEF to exchange GDP to GTP bound to 
RhoA. In this activated state, RhoA-GTP activates ROCK, which phosphorylates (and inhibits) 
myosin light chain phosphatase and thus enhances the phosphorylation of myosin light chain 
(MLC), leading to the change of shape and degranulation of the platelet. 582,583   

AA= arachidonic acid; COX-1= cyclooxygenase-1; DAG= diacylglycerol; IP3= inositol 1,4,5-
triphosphate; PI3K= phosphoinositide 3-kinase; PIP2= phosphatidylinositol 4,5-bisphosphate; PKC= 
protein kinase C; PLA2= phospholipase 2; Rho-GEF= Rho guanine nucleotide exchange factor; 
ROCK= Rho-associated protein kinase; TXA2= thromboxane A2; TP= TXA2 receptor; TXAS= 
thromboxane synthase.  

 



CHAPTER 6 – The inhibition of platelet TXA2 by aspirin reduces metastasis 

 177 

chain (MLC), inducing the change of shape and the release of granules. The existence of 

such pathway explains why TXA2 signalling can trigger shape remodelling independently 

to the increase of cytosolic Ca2+100. In most cases, the Gq- and G12/13-dependent signalling 

pathways are linked to specific platelet activation events, where Gq activation mediates 

TXA2-induced platelet activation and G12/13 mediates platelet change of shape584,585. 

However, these signalling pathways can trigger overlapping cell responses in some 

situations such as agonist concentration586,587 or G-protein deficiency588, so the linkage 

between TP-G coupling and the downstream platelet activation events is not univocal. In 

general, the integrated activation of both Gq and G12/13 is needed to achieve the complete 

activation of platelets. 

 

6.1.1.2 TXA2 signalling on vascular cells 

TXA2 signals both to endothelial cells and vascular smooth muscle cells.  

Endothelial cells express TP, preferentially TPß in humans. TXA2:TP signalling on 

endothelial cells induces the overexpression of adhesion molecules like ICAM-1589-593, 

VCAM-1591,592 and endothelial leukocyte adhesion molecule (ELAM-1)590, through a PKC-, 

NF-κB- or ROCK-dependent mechanism592, E-selectin591, leukocyte adhesion molecule 

(LAM)591 and TF594.  TXA2 also increases the release of soluble chemokines, such as 

MCP-1/CCL2, TNF-α and platelet-activating factors (PAF)595,596. Thus, TXA2-driven 

endothelial activation induces the recruitment and adhesion of platelets (through TF and 

PAF), monocytes (through adhesion molecules, MCP-1 and TNF-α)593, and, putatively, 

cancer cells (through VCAM-1 and ICAM-1)146. In this scenario, TXA2 is both a pro-

thrombotic and pro-inflammatory factor and might play a role in tumour metastasis. 

Additionally, TXA2 signalling promotes migration597,598 and proliferation598 of endothelial 

cells in vitro and permeabilisation599 and neovascularisation597,600 in vivo, which could lead 

to tumour cell extravasation and angiogenesis. Interestingly, VEGF- and FGF2-driven 
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angiogenesis598 and TNF-α stimulation594 increase the production of TXA2 by endothelial 

cells, triggering a positive feeback loop of autocrine endothelial cells activation. On the 

contrary, activated platelets induce the overexpression of COX-2 in endothelial cells both 

through a direct TXA2-mediated signalling592,601,602, a ROCK and NF-κB-dependent 

mechanism592, and through the release of AA-containing microparticles603. It is believed 

that in both cases this stimulation results in the generation of PGI2 by endothelial cells, 

which in turns inhibit platelet aggregation. Thus, platelets and endothelial cells take part 

into a dynamic interplay, aimed at controlling the thrombotic response.   

Vascular smooth muscle cells show high expression levels of TP, whose interaction with 

TXA2 triggers their proliferation555, contraction and subsequent vasoconstriction. This latter 

effect is due to the increase of intracellular Ca2+, which leads to the activation of Ca2+-

dependent myosin light chain kinase (MLCK), the phosphorylation of myosin light chains 

and the contraction of the muscular cells583,604.  

 

6.1.1.3 TXA2 signalling on monocytes 

TXA2 is the main prostanoid produced by unstimulated monocytes346,347,605 and it derives 

from their constitutive COX-1 activity. However, during inflammatory responses or 

interaction with platelets606, COX-2 expression is induced in monocytes by stimulation with 

LPS607 or platelet derived TGF-ß1606. In these circumstances, COX-2 contributes to the 

synthesis of additional TXA2
606,608. Interestingly, LPS, TGF-ß1 and TXA2 take part into a 

self-potentiating loop where LPS and TXA2 induce overexpression of TF608, thus 

increasing platelet aggregation, TGF-ß1 release and COX-2-dependent TXA2 generation 

by monocytes, which further potentiates TF expression.  

Human monocytes express TP receptor609 and the expression of TP (along with COX-1) 

increases during the differentiation to macrophages607. This suggests that COX-1-TXA2 

axis acquires more importance during inflammatory responses. Although the molecular 
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mechanisms have not been fully elucidated, TXA2:TP interactions induces an elevation of 

intracellular Ca2+, which is associated with phagocytic and chemotactic functions609. 

Moreover, TXA2 stimulation of monocytes results in the overexpression of TF608, which 

increases their direct procoagulant acitivity346.  

More indirectly, the TXA2-dependent release of MCP-1/CCL2 by endothelial cells induces 

the recruitment of monocytes/macrophages and the concomitant endothelial activation, 

which promotes monocytes adhesion. All together, even if TXA2 acts at short distances, it 

might affect the recruitment of monocytes circulating systemically, by targeting multiple 

cell types to produce secondary messengers. This evidence reinforces the idea that TXA2 

is not only a pro-aggregant molecule, but it also takes a central part in orchestrating pro-

inflammatory and wound healing responses. 

 

6.1.1.4 TXA2 signalling on tumour cells 

Several types of tumour samples565,566,571,610,611 and cell lines612,613 express higher levels of 

TP receptor, suggesting the existence of a selective advantage of TXA2 signalling. In most 

cases, tumour cells express both high levels of TXAS and TP, suggesting that they sense 

TXA2 in an autocrine manner. Interestingly, in the case of breast cancer TXAS and TP are 

expressed in different regions of the tumour tissue, suggesting that tumour cells can 

benefit from TXA2 produced by platelets or other stroma cells in a paracrine manner614. 

Although the mechanisms are not completely understood, it is believed that TXA2 

signalling on tumour cells increases tumorigenicity and invasion. TXAS or TP 

overexpression is associated with higher motility570,572, proliferation615 and 

invasiveness572,615,616. More directly, the treatment of tumour cells with TXA2 stable 

analogues increases proliferation565,566,617,618, and treatment with TXAS inhibitor or TP 

antagonists decreases cell proliferation565,566,615 and migration566,570,574,575,615,616.  
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The effect on tumour cells proliferation is due to several mechanisms. In lung cancer cells, 

TXA2 signalling induces the expression of Nurr1, which in turn stimulates the expression 

of cyclin D1 and the progression through cell cycle618, and inhibits apoptosis through a 

p27-dependent mechanism619. Additionally, TXA2 induces the overexpression of COX-2 in 

tumour cells620, which is known to promote tumour cells proliferation. 

In most cancer types, TXA2 induces invasion through a RhoA-dependent mechanism. 

Briefly, TXA2:TP binding activates protein-kinase C-related kinase (PRK1)621 and Gα12 

heterotrimeric G protein622, leading to the activation of RhoA574,613 and the consequent 

cytoskeleton reorganisation that enhances migration and metastasis.  

In vivo, colon adenocarcinoma cells overexpressing TXAS623 or TP612 formed tumours that 

grew more rapidly and were more vascularised, due to the overexpression VEGF by 

tumour cells stimulated with TXA2
612. Moreover, TXA2 released by tumour cells can 

directly stimulate angiogenesis in vivo597,623. Thus, the pro-tumorigenic effect of TXA2 

signalling does not only depend on the direct stimulation of tumour cell behaviour, but also 

to effects on the surrounding environment. The involvement of TXA2 in tumour cells 

invasion could explain the anti-metastatic effect of TXAS598,624 inhibitors and TP-/- mice625.  

 

6.1.2 Inhibitors of TXA2 pathway 

Due to its effect in the cardiovascular and respiratory system, unbalanced TXA2 levels 

have been found associated with a series of pathological conditions563, including cancer. 

Although low-dose aspirin is sufficient to abrogate COX-1-dependent generation of TXA2 

by platelets626, it might results in the inhibition of other prostanoids associated with gastro-

protective functions and is thus associated with gastrointestinal complications. This is why 

aspirin might not be the best choice to selectively control TXA2 synthesis. Over the past 

30 years efforts have been made to develop inhibitors that target TXA2 synthesis (TXAS 

inhibitors) or signalling (TP antagonism). 
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Selective inhibitors of TXAS are the oldest class of TXA2 inhibitors, having been 

developed in the 80s. The efficacy of TXAS inhibitors does not only rely on the inhibition 

of TXA2 synthesis, but also on increased levels of precursors PGG2 and PGH2. These 

precursors can be actively transferred from platelets to endothelial cells at sites of 

interaction (a process known as endoperoxide rediversion or “steal”)627,628, which induces 

the synthesis of anti-thrombotic PGI2 by endothelial cells629. However, PGG2 and PGH2 

are also agonists of TP and can induce platelet aggregation, which might reduce the 

efficacy of TXAS inhibitors on TXA2 signalling629,630. Despite efficacy in blocking platelet 

activation, most TXAS inhibitors have shown generally disappointing results brought to 

clinical trials628.  

The first and only TXAS inhibitor to be released on the market is Ozagrel (OKY-046), 

which has been proved effective in clinical trials for cardiovascular631-634 and respiratory 

conditions635,636. Due to its efficacy, Ozagrel was introduced in the clinical practice for the 

prevention of asthma and stroke in Japan in 1992.  

More clinical interest has been aroused by TP antagonist. These drugs bind (either 

reversibly or irreversibly) to the TP receptor on numerous cell types and prevent the 

interaction of all TP ligands such as TXB2, PGG2 and PGH2
637. This makes TP inhibitors 

more effective than TXAS inhibitors and aspirin. Despite these high expectations, very few 

TP antagonists are currently on the market because most of them have failed during 

clinical trials due to lack of benefit over aspirin638.  

The most recent and promising class of TXA2 inhibitors is dual-acting drugs with both 

TXAS inhibitor and TP antagonist functions. Although some drugs have not shown more 

efficacy than aspirin639, dual inhibitors still represent a promising alternative due to their 

stronger and more prolonged anti-thrombotic effect than aspirin and other NSAIDs637,640. 

In our experiments, we have employed the dual-action inhibitor Picotamide, which goes 

under the commercial name of Plactidil. Picotamide (Figure 5.1) is a derivative of 4-
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hydroxy-isophthalic acid (N,N'bis(3-picolyl)-4-methoxy-isophthalamide)641. Its mechanism 

of action involves the inhibition of TXAS and the irreversible binding to TP, possibly 

followed by the internalisation of the bound receptor642. It has been reported that 

picotamide reduces AA-induced platelet aggregation and platelet TXA2 synthesis642,643 and 

interfered with smooth muscle cells migration and proliferation644. Picotamide has also 

been used in a series of clinical trials where it reduced cardiovascular complications645 

and mortality, more effectively than aspirin,646 in peripheral vascular disease (PVD) 

patients, in particular in those with diabetes646,647. Due to its efficacy, picotamide is 

registered in Italy for the treatment of peripheral arterial disease (PAD)637, although higher 

statistical power and sample size would be needed to introduce the drug for treatment of 

cardiovascular adverse events elsewhere648. 

All together, most TXA2 inhibitors have failed to show evident benefit over aspirin in 

clinical trials or have been perceived to be too closely related in terms of pharmacological 

output, which has encouraged the preference of the inexpensive aspirin on more selective 

drugs. Nevertheless, lines of evidence would suggest the superiority of TXA2 inhibitors 

over aspirin on the inhibition of TXA2 generation. First, some TXA2 inhibitors have a higher 

efficacy at inhibiting TXA2 signalling and have shown a superior anti-thrombotic profile, in 

particular in high-risk groups648. Second, TXA2 inhibitors affect both COX-1 and COX-2-

derived TXA2, an effect that is not achieved by low-doses of aspirin. Additionally, TXA2 

inhibitors with a TP antagonist activity prevent TP stimulation by all agonists, including 

PGG2 and PGH2 precursors and isoprostanes648. Finally TXA2 inhibitors do not affect the 

synthesis of cardio- and gastro-protective PGI2 and are thus associated with fewer out-of-

target side effects, suggesting that they could represent a better choice than aspirin.  

In conclusion, TXA2 inhibitors have the potential to be introduced in the clinic for the 

prevention of vascular events due to the signalling of TXA2 to both platelets and 

extraplatelets targets. In order to do so, clinical studies with higher statistical power are 

needed in order to evaluate effective dose, efficacy and side effects. 
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6.2 AIMS 

In Chapter 5 we have isolated several sequential steps of the metastatic cascade that are 

affected by aspirin through COX-1 inhibition. It is well established that TXA2 is the main 

COX-1 derived prostanoid in the circulation. In this Chapter we have started to dissect the 

molecular mechanism underlying the effect of COX-1 on metastasis by considering the 

contribution of TXA2. In particular, our aims are: 

1) To define the effect of TXA2 inhibition on the establishment of metastasis. 

2) To test the hypothesis that TXA2 is the downstream effector of the anti-metastatic 

effect of aspirin.  

3) To identify the source and the target of TXA2 signalling in the context of 

haematogenous metastasis. 
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6.3 RESULTS 

 

6.3.1 Effect of TXA2 inhibition on metastasis  

6.3.1.1 Dose-setting of TXA2 inhibitors 

The results described in Chapter 5 point out a central role of COX-1 during the 

haematogenous transit of tumour cells. Considering that TXA2 is the main COX-1 derived 

prostanoid in the circulatory system, we started to investigate the contribution of TXA2 to 

metastasis.  

Picotamide (PICO, a dual inhibitor of TXAS and agonist of TP, Figure 6.2A) was delivered 

in drinking water at 30 mg/L, as previously shown649. At this dose the plasma levels of 

TXB2 were significantly decreased by 70% (Figure 6.2B), suggesting an inhibition of TXAS 

activity in platelets and extra-platelets targets. Moreover, platelet aggregation was 

decreased by PICO, suggesting a reduction of TP signalling on platelets (Figure 6.2C). 

These data confirm that, at the chosen dose, PICO inhibited both TXAS activity and 

TXA2:TP signalling. 

In order to dissect the role of TXAS inhibition and TP agonism into more details, a more 

selective inhibitor was also employed. Ozagrel (OZA, Figure 6.2D) is a selective inhibitor 

of TXAS and was found to inhibit serum TXB2 in a dose-dependent manner (Figure 6.2E), 

suggesting the inhibition of platelet TXAS. A dose of 400 mg/L was the minimum effective 

dose to trigger a substantial inhibition of TXAS activity, so it was chosen for functional 

experiments. 
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Figure 6.2 – Dose setting of TXA2 inhibitors.  

(A) Structure of Picotamide (abbreviated as PICO), adapted from KEGG Drug database.  

(B) Concentration of TXB2 in plasma from mice treated with vehicle (Control) or PICO for 48 hours 
(n=4 mice per group; mean + SD, unpaired t test). 

(C) Quantification of agonist-induced platelet aggregation, measured through FACS analysis of 
CD41-stained platelets. AA (1 mM), U46619 (0.3 µM) and ADP (1 µM) were used as agonists (n=6 
mice for Control and 4 mice for PICO; mean + SD, 1-way ANOVA with Tukey’s Multiple 
Comparison test). 

(D) Molecular structure of Ozagrel (abbreviated as OZA), adapted from KEGG Drug database. 

(E) Concentration of TXB2 in serum isolated from mice treated with vehicle (0 mg/L) or OZA (100-
600 mg/L) for 48 hours (n=4 mice per group; mean ± SD, 1-way ANOVA with Tukey’s Multiple 
Comparison test). 
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6.3.1.2 Inhibition of TXA2 reduces experimental metastasis 

To examine the role of TXA2 in the establishment of metastasis, mice were treated with 

picotamide and challenged with tumour cells two days after the start of the treatment, as 

previously described (see Figure 3.5A). PICO significantly reduced the number of 

metastatic lung nodules (Figure 6.3A and B) to a similar extent to ASA and SC-560 

(Figure 6.3C). This result strongly suggests an involvement of COX-1 derived TXA2 in the 

aspirin-mediated inhibition of metastasis and further points out the importance of COX-1 in 

metastasis development.   

 

 

 

 

Figure 6.3 – The inhibition of TXA2 signalling impairs the establishment of metastasis.  

(A-B) Numbers (A) and representative images (B) of metastatic lung nodules at 3 weeks after 
intravenous injection of B16F10 cells in mice treated with vehicle (Control) or PICO (n=6 mice per 
group; median ± range, unpaired t test).  

(C) Comparison of the number of metastatic lung nodules, normalised to the relative control, 
between all tested drugs (ASA, SC-560, NS-398 and PICO, data from Figure 3.5B, 3.8A and 6.3A; 
mean ± SD, 1-way ANOVA with Tukey’s Multiple Comparison test).  
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6.3.1.3 TXA2 inhibition reduces early phases of metastasis 

We sought to understand the kinetics of TXA2 inhibitors on the decrease of metastasis. 

The number of tumour cells in the left lung at 24 hour after injection was inhibited by OZA 

as well as by PICO (Figure 6.4A), suggesting an effect of TXA2 signalling on the 

haematogenous transit of tumour cells. Consistent with its dual action, PICO was found to 

be more effective than OZA in reducing the retention of tumour cells, thus it was chosen 

for further experiments. 

To corroborate the notion that TXA2 was required for the intravascular phase of 

metastasis, mice were treated with PICO during the intravascular phase (PICO -2g+1), 

intravascular and extravasation phases (PICO -2g+4), extravasation phase (PICO 

+1g+4) or extravascular phase (PICO +4g+21) of metastasis. In all cases lungs were 

harvested at 3 weeks and the number of metastatic lung nodules was compared to mice 

treated for the whole experiment (PICO) (Figure 6.4B). A reduction in the number of 

metastatic lung nodules was seen at PICO, PICO -2g+1 or PICO -2g+4 treatment 

regimes, but not at PICO +1g+4 or PICO +4g+21 (Figure 6.4C). These results support 

the idea that TXA2 promotes metastasis at early steps of the metastatic cascade, in 

particular during the intravascular phase of tumour cells dissemination. Accordingly, TXA2 

inhibition did not exert any effect after the complete extravasation of tumour cells.  
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Figure 6.4 – The inhibition of TXA2 signalling affects the intravascular phase of metastasis.  

(A) Total number of tumour cells (B16F10-CMFDA) in the intact left lung of C57BL/6 mice treated 
with vehicle (Control), PICO or OZA (n=7, 8 and 7, respectively; mean + SD, 1-way ANOVA with 
Tukey’s Multiple Comparison test), imaged at 24 hours after the injection of tumour cells.  

(B) Experimental design to address the effect of PICO on different phases of metastasis. C57BL/6 
mice were treated with vehicle or PICO starting 2 days before the intravenous injection of B16F10 
cells (day -2). Treatment was carried out until 21 days after injection (PICO), until one day after 
injection (PICO -2g+1, intravascular phase), until 4 days after injection (PICO -2g+4, intravascular 
and extravasation phase), between 1 to 4 days after injection (PICO +1g+4, extravasation phase) 
or between 4 days until 21 days after injection (PICO +4g+21, extravascular phase). For all 
groups, lungs were harvested at 3 weeks after tumour cells injection. 

(C) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle or PICO, according to the regimes described in (B) (n=10 mice for 
Control, 16 mice for PICO, 10 mice for PICO -2g+1, 5 mice for PICO -2g+4, 5 mice for PICO 
+1g+4, 5 mice for PICO +4g+21; median ± range, 1-way ANOVA with Tukey’s Multiple 
Comparison test). 
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6.3.2 TXA2 analogue U46619 abrogates the inhibition of metastasis by aspirin 

We have shown that TXA2 contributes to the successful establishment of metastasis 

during the intravascular/extravasation phase, leading to the hypothesis that the anti-

metastatic effect of aspirin derives from the inhibition of COX-1 and its downstream 

effector TXA2, in particular during early time points. In order to validate this hypothesis, we 

employed U46619, a stable analogue of TXA2, at 50 mg/kg in combination with aspirin 

(ASA + U46619 group) to re-establish basal levels of plasmatic TXA2 (Figure 6.5A) and 

platelet aggregation (Figure 6.5B) in ASA-treated mice. Next, mice were treated with 

vehicle (Control), ASA alone or ASA supplemented with U46619 for 3 weeks 

(ASA+U46619) or until one day after the intravenous injection of tumour cells 

(ASA+(U46619 -2g+1)) (Figure 6.5C). Noticeably, the addition of U46619 to ASA was 

able to restore the number of metastasis back to control values, irrespective of U46619 

being delivered for the entire duration of the experiment or discontinued one day after 

tumour cell injection (Figure 6.5D). Since U46619 alone abrogated the anti-metastatic 

effect of ASA, these results suggest a central role of TXA2 in the inhibition of metastasis 

by aspirin. Moreover, the presence of U46619 during the first 24 hours of metastasis was 

sufficient to abolish the inhibitory effect of aspirin, suggesting that TXA2 preferentially acts 

during the permanence or early extravasation of tumour cells in the lung vasculature. 

Taken together, these data more conclusively indicate that aspirin impairs metastasis 

through the inhibition of COX-1-derived TXA2. In particular, the first 24 hours of metastasis 

are affected the most by ASA treatment, an effect that is completely abrogated by the 

presence of basal levels of TXA2 in plasma.   
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Figure 6.5 – U46619 rescues the anti-metastatic effect of ASA.  

(A) Concentration of plasmatic TXB2, derived from C57BL/6 mice treated with vehicle (Control), 
ASA or ASA supplemented with U46619 (stable analogue of TXA2) (ASA+U46619) (n=3 mice per 
group; mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test). Mice were treated 
through drinking water for 48 hours before blood collection. 

(B) Quantification of agonist-induced platelet aggregation, measured through FACS analysis of 
CD41-stained platelets derived from vehicle, ASA or ASA+U46619 treated mice (n=6, 3 and 3 
mice, respectively; mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test). AA (1 mM), 
U46619 (0.3 µM) and ADP (1 µM) were used as agonists. 

(C) Experimental design to study the effect of ASA+U46619 treatment on metastasis. C57BL/6 
mice were injected with B16F10 cells and lungs were harvested at 21 days after injection for the 
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count of metastatic lung nodules. Starting 2 days before injection, mice were treated with vehicle, 
ASA or ASA supplemented with U46619 for 3 weeks (ASA+U46619) or until one day after injection 
(ASA+(U44619 -2g+1)). 

(D) Number of metastatic lung nodules at 3 weeks after intravenous injection of B16F10 cells in 
mice treated with vehicle, ASA, ASA+U46619 or ASA+(U44619 -2g+1) (n=15, 19, 8 and 8 mice, 
respectively; median ± range, 1-way ANOVA with Tukey’s Multiple Comparison test). 

 

 

6.3.3 TXA2 signalling from/to platelets is impaired by aspirin and is associated 

with metastasis reduction  

6.3.3.1 COX-1 expressing platelets are the main source of TXA2 

During their haematogenous transit, tumour-host cell interactions take place. In order to 

dissect the molecular mechanism underlying the effect of TXA2 inhibition on metastasis, 

we have analysed the expression pattern of proteins involved in the biosynthesis and 

signalling of TXA2, focusing on cell types that interact with tumour cells early after their 

intravasation. 

Tumour cells (B16F10), endothelial cells (LMVECs) and platelets (Plts), all from C57BL/6 

mice, were used for Western Blot analysis of COX-1, TXAS and TP expression (Figure 

6.6A). B16F10 cells did not show detectable expression of either COX-1, TP, and TXAS 

(Figure 6.5B), suggesting that their production and response to TXA2 can only be minimal. 

Conversely, we found that LMVECs express COX-1 and TP, but not TXAS, and platelets 

express COX-1, TP and TXAS (Figure 6.6B). These results suggest that endothelial cells 

can sense, but not produce, TXA2 while platelets express all proteins necessary to 

generate and respond to TXA2.  

The expression pattern of these proteins was also partially examined ex vivo, by immuno-

staining lung sections for TXAS, TP and COX-1 (Supplementary figure S7). This 

preliminary analysis suggested that the pattern of protein expression in platelets, B16F10 

and LMVECs was similar to the in vitro culture. Additionally, COX-1 was strongly 
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expressed by alveolar macrophages and TP was found in vascular smooth muscle cells, 

as expected. These results suggest that during early pulmonary metastasis platelets, and 

possibly alveolar macrophages, are the source of TXA2, which can then signal to platelets, 

endothelial cells, and smooth muscle cells.  

To further understand the source of TXA2, the release of TXB2 was assessed in 

conditioned media from B16F10 cells, LMVECs and platelets and their co-cultures. 

B16F10 and LMVECs produced very low levels of TXB2 when cultured both separately 

and together (Figure 6.6C), which is in line with the results from Western Blot analysis 

(Figure 6.6B). On the contrary, platelets produced TXB2 both in single culture and 

particularly in co-culture with tumour cells and endothelial cells or both (Figure 6.6C). The 

highest TXA2 synthesis was seen when platelets, B16F10 and LMVECs were cultured 

together. These data suggest that platelets are the main producer of TXA2, either alone or 

interacting with tumour and, particularly, endothelial cells.  

In order to further dissect the source of TXA2 in our system, platelets from COX-/- mice 

were isolated and cultured alone or in combination with B16F10 and/or LMVECs and 

TXB2 levels were measured in the conditioned medium. TXA2 synthesis was completely 

abrogated in cultures of COX-1-/- platelets alone or in combination with B16F10 and/or 

LMVECs (Figure 6.6C). These data suggest that platelets are the main source of TXA2 in 

our system and their synthesis of TXA2 heavily depends on COX-1 expression. TXA2 

release by platelets is stimulated by the interaction with tumour and endothelial cells and 

can be abrogated by COX-1 inhibition.  
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Figure 6.6 – The activity of COX-1 in platelets is responsible for TXA2 synthesis in a 
simplified model of the intravascular metastatic niche. 

(A) Diagram depicting the synthesis and signalling pathway of TXA2 and the proteins involved. 
After the release from the cell membrane by PLA2, AA is processed by COX-1 (and COX-2) into 
PGG2 and PGH2, the common precursor of all prostanoids. Thromboxane synthase (TXAS) then 
converts PGH2 into TXA2, which perfuses out of the cell and binds to its receptor (TP) in autocrine 
or paracrine manner. 

(B) Detection of COX-1, TXAS, TP and β-actin (loading control) by immunoblotting in tumour cells 
(B16F10), lung microvascular endothelial cells (LMVECs) and platelets, all isolated from C57BL/6 
mice. The two isoforms of TP receptor (TPα and TPβ) are detected. One out of 4 independent 
experiments is shown. 

(C) Concentration of TXB2 in conditioned medium of single culture or co-culture of B16F10, 
LMVECs and platelets, the latter derived from wild type (COX-1+/+) or COX-1-/- mice. Statistically 
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significant differences are listed in the table on the right side (n=3 independent experiments; mean 
+ SD, 1-way ANOVA with Tukey’s Multiple Comparison test). 

 

6.3.3.2 Aspirin impairs the synthesis and signalling of TXA2 in platelets 

In order to understand the effect of aspirin treatment on TXA2 signalling in our system, 

TXB2 levels were assessed in the conditioned medium of co-cultures of B16F10, LMVECs 

and COX-1+/+ platelets treated with ASA. Figure 6.7A shows that ASA reduced the 

synthesis of TXA2 in the co-cultures of B16F10, LMVECs and COX-1+/+ platelets to a 

similar extent to the co-culture of B16F10, LMVECs and COX-1-/- platelets. These data 

indicate that ASA treatment dramatically affects TXA2 synthesis and suggest that this 

effect depends on the inhibition of COX-1 in platelets. However, the different 

concentration of TXB2 in the presence of COX-1-/- platelets and ASA treatment suggest 

that the inhibition of COX-1 by ASA is not complete. 

We have shown that platelets synthesise TXA2 after interaction with tumour cells and 

activated endothelial cells. Platelets can be the source but also the target of TXA2 

signalling, thanks to the expression of TP on their cell surface (Figure 6.6B). We have 

verified the effect of TXA2 on platelets by stimulating PRP with U46619 and measuring the 

initiation of downstream signalling pathways. Platelets respond to U46619 stimulation by 

undergoing activation, as measured by Ca2+ release (Figure 6.7B), and aggregation 

(Figure 6.7C and D). The aggregation, but not the activation, of platelets was reduced in 

PRP from ASA-treated mice, as expected from TXA2 signalling pathway (Figure 6.1). 

These data confirm the previous knowledge that platelets are the target of TXA2 signalling, 

both autocrine and paracrine, and they respond by undergoing activation and aggregation. 

Aspirin treatment interferes with platelet aggregation by reducing the de novo synthesis of 

platelet-derived TXA2 and the stimulation of platelets by TXA2, through a COX-1 

dependent mechanism. 
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Figure 6.7 – Aspirin impairs U44619-induced platelet aggregation but not the initial 
activation.  

(A) Concentration of TXB2 in conditioned medium of co-culture of B16F10, LMVECs and platelets, 
in the presence of vehicle (Control) or ASA. Platelets were isolated from wild type (COX-1+/+) or 
COX-1-/- mice (n=3 independent experiments; mean + SD, 1-way ANOVA with Tukey’s Multiple 
Comparison test).  

(B) Measurement of intracellular Ca2+ release through fluorescent dye Fura-2-AM, assessed in 
PRP from C57BL/6 mice treated with ASA or vehicle for 48h. PRP was stimulated with vehicle 
(PBS) or U46619 at the time point indicated with the arrow (n=1 experiment).   

(C-D) Quantification (C) and representative dot plots (D) of agonist-induced platelet aggregation, 
measured through FACS analysis of CD41-stained platelets derived from vehicle (Control) or ASA 
treated mice (n=4 mice per group; mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison 
test). PBS and U46619 (0.3 µM) were used as agonists. 
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6.3.3.3 Platelet-derived TXA2 seems to contribute to metastasis 

Plasmatic levels of TXB2 represent systemic synthesis of TXA2 in vivo in the absence of 

platelet activation, while serum levels represent ex vivo generation of TXA2 by stimulated 

platelets. We have observed that the concentration of TXB2 in serum (Figure 6.8A), but 

not in plasma (Figure 6.8B), positively correlated with the number of metastatic lung 

nodules in ASA-treated mice. Thus, TXA2 produced by non-activated platelets and extra-

platelets targets, such as monocytes and endothelial cells, did not correlate with 

metastasis. On the contrary, platelet-derived TXA2 seems to be involved in the 

development of metastasis.  

All together, these data suggest that aspirin affects metastasis through the inhibition of 

COX-1 in platelets, which induces the abrogation of TXA2 synthesis and signalling to 

platelets and extra-platelets targets. 

 

Figure 6.8 – Platelet-derived TXA2 correlates with metastatic lung nodules.  

(A) Correlation plot of the plasma concentration of TXB2 versus the number of metastatic lung 
nodules, measured in C57BL/6 treated with vehicle (Control, n=8 mice) or ASA (Low, Medium and 
High, n=7, 9 and 9 mice, respectively; Spearman rank correlation). 

(B) Correlation plot of the serum concentration of TXB2 versus the number of metastatic lung 
nodules, measured in C57BL/6 treated with vehicle (n=5 mice) or ASA (Low, Medium and High, 
n=5, 5 and 6 mice, respectively; Pearson r correlation). 
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6.4 DISCUSSION 

 

6.4.1 The inhibition of TXA2 signalling reduces early steps of metastasis 

In the previous Chapter we have shown that COX-1 activity contributes to a series of 

sequential steps of the early metastatic cascade. Here we have attempted to understand 

the contribution of TXA2 to the development of metastasis by employing selective 

inhibitors of TXA2 signalling. We have chosen two TXA2 inhibitors, Ozagrel (OZA), a 

selective inhibitor of TXAS, and Picotamide (PICO), a dual-action inhibitor of TXAS and 

antagonist of TP. PICO was found to reduce metastatic lung nodules to a similar extent to 

ASA and SC-560 (Figure 6.3). This observation suggested that TXA2 might be the effector 

of COX-1 responsible for the anti-metastatic effect of aspirin. To our knowledge, very few 

publications can be found that report the effect of TXA2 inhibition on experimental624,625 

and spontaneous598,624 metastasis, suggesting that the contribution of TXA2 to metastasis 

development has been widely disregarded. 

Similarly to aspirin, inhibition of TXA2 signalling was particularly effective during the first 

day after tumour cell challenge. Both OZA and PICO reduced the number of tumour cells 

in lungs at one day after injection (Figure 6.4), suggesting an effect on the early survival 

and/or adhesion of disseminating tumour cells. However, the effect of PICO was more 

pronounced than the one of OZA. This result could be due to the higher efficiency of PICO 

to reduce TXB2, which corresponds to an almost complete abrogation of platelet 

aggregation (Figure 6.2). Instead, at the minimum effective dose of 400 mg/L, OZA can 

reduce TXB2 by 75%, which is above the limit of platelet aggregation inhibition. 

Additionally, under OZA treatment the residual TXA2 levels might still signal to TP receptor 

expressed by adjacent cells. Finally, TXAS inhibitors are associated with the increase of 

alternative agonists of platelets TP (i.e. PGG2 and PGH2)629,630. Together, this evidence is 
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in agreement with previous studies suggesting the relative inefficacy of TXAS inhibitors as 

anti-platelet drugs and prompted us to use PICO for the following in vivo studies. 

Another similarity between TXA2 and COX-1 inhibition is the kinetics of their inhibition of 

metastasis. We have found that PICO reduces metastasis only when administered during 

the intravascular phase (Figure 6.4C), suggesting that TXA2 synthesis and signalling are 

required for the haematogenous transit of tumour cells.  

In our model no anti-metastatic effect was seen under PICO treatment when treatment 

was carried out after tumour cell extravasation, suggesting that TXA2 signalling has little 

effect during the later phases of metastasis. Additionally, we did not detect any obvious 

difference in the size of lung nodules between vehicle- and PICO-treated animals, 

suggesting that metastasis progression was not affected. This finding is in contrast with a 

previous report, where the administration of TXAS inhibitor from 3 days post-injection 

reduced the number of metastatic lung nodules and the pro-angiogenic effect of TXA2 was 

considered responsible3. This controversy could be addressed if we consider that in our 

model tumour cells are not able to synthesise TXA2, although they can employ the binding 

of COX-1-expressing platelets to release TXA2 locally during the intravascular phase. 

Thus, the levels of TXA2 after tumour cells extravasation might not be sufficient to induce 

angiogenesis.  

We have also provided more conclusive evidence that TXA2 could be the main COX-1 

product responsible for the anti-metastatic effect of aspirin. In fact, the administration of 

ASA supplemented with U46619 restores control levels of plasmatic TXA2 and is sufficient 

to abrogate the anti-metastatic effect of ASA alone (Figure 6.5). Even more strikingly, the 

administration of ASA with U46619 during the first day post-injection, followed by 

treatment with ASA alone for the next 20 days, does not affect the number of metastatic 

nodules in comparison to control. To our knowledge, this is the first evidence to directly 
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link aspirin and COX-1-derived TXA2 to a reduction of metastasis and to isolate the 

intravascular phase as the target of its anti-metastatic effect.  

These findings shed a new light on the role of anti-coagulant therapies on metastasis. Per 

se, the inhibition of platelet aggregation on tumour cells has an anti-metastatic effect. Yet, 

it is inevitably associated with the impairment of de novo TXA2 synthesis irrespectively of 

the inhibition mechanism, an effect that has been generally overlooked. Aspirin couples 

the inhibition of TXA2 signalling on platelets, responsible for its anti-thrombotic effect, and 

on other cell types, possibly affecting metastasis to a further extent.  

Additionally, our results suggest that drugs targeting more selective products along the 

COX pathway could be better candidates to achieve an anti-metastatic effect. In 

particular, dual-action inhibitors of TXAS and TP couple the inhibition of TXA2 generation 

to the antagonism of signalling from residual TXA2, which cannot be achieved through 

COX-1 inhibition. Moreover, aspirin intake is associated with side effects like bleeding 

complications and gastronintestinal perforations, the latter due to the inhibition of COX-1-

derived PGI2. These complications, together with the heterogeneity of doses and duration 

regimes, have contributed to a general uncertainty in the evaluation of the risk/benefit 

balance of aspirin as anti-cancer and anti-metastatic agent. In contrast, dual-action TXA2 

inhibitors do not interfere with other COX-1 derived prostanoid, thus they might be a safer 

choice for the prevention of metastases.  

 

6.4.2  Sources and targets of TXA2 signalling 

Several lines of evidence presented here suggest the contribution of TXA2 to the 

haematogenous transit of tumour cells. TXA2 is the most abundant product of COX-1 

activity in the circulatory system, where it oversees physiological and pathological 

functions. The synthesis of TXA2 fluctuates in response to pro-thrombotic and pro-
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inflammatory stimuli. Moreover, cancer is often associated with deregulated levels of 

TXA2. 

In order to understand the molecular and cellular mechanisms underlying TXA2 

contribution to metastasis, we have started to investigate the source and targets of TXA2 

during early phases of metastasis. In vitro and ex vivo detection of COX-1, TP and TXAS 

has revealed that in our model only platelets are equipped to both synthesise and respond 

to TXA2 (Figure 6.6 and Supplementary figure S7). In agreement with this finding, TXA2 

was mainly generated by platelets in single culture or in co-cultures with tumour and 

endothelial cells (Figure 6.6C). The initiation of platelet activation and TXA2 release in 

vitro in the absence of agonists could be due to the incubation in static conditions650 or to 

the presence of growth factors in the culture medium. Moreover, the stimulation of 

platelets with U46619 induced their activation (measured as release of intracellular Ca2+) 

and aggregation (Figure 6.7). Thus, in our system, platelets are the main source and 

target of TXA2, where its signalling induces their activation and aggregation in an 

autocrine manner.  

In contrast, lung microvascular endothelial cells expressed COX-1 and TP, suggesting 

that under static conditions they can be target, but not source, of TXA2, as suggested by 

the measurement of TXA2 in their single culture (Figure 6.6). The expression of COX-1 by 

endothelial cells has been previously reported and it is thought to control the synthesis of 

anti-thrombotic PGI2651. The levels of TXA2 are dramatically increased in the co-culture of 

endothelial cells and platelets (Figure 6.6), to a higher extent than the incubation of 

tumour cells with platelets. This effect could be attributed to the dynamic interplay 

between platelets and endothelial cells for the regulation of TXA2 levels during vascular 

injury. In fact, TXA2 released by activated platelets stimulates the overexpression of TF 

and PAF by endothelial cells, which in turn increases the activation of platelets. Thus, the 

generation of TXA2 by activated platelets is exponentially increased upon contact with the 

endothelium. Theoretically, endothelial cells can partially contribute to the levels of TXA2 
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in the conditioned medium. In fact, degranulated platelets release factors such as VEGF 

and TNF-α, which are known to induce the production of TXA2 by endothelial cells594,598. 

However, TXA2 release is completely abrogated by COX-1 depletion in platelets, even if 

the initial degranulation of platelets might still take place, suggesting that the platelets are 

responsible for the synthesis of TXA2. Hence, endothelial cells and platelets take part into 

a bilateral interplay that results in the potent release of TXA2 by platelets.  

Dissimilarly to other tumour cell lines565,566,569,570, B16F10 cells do not release TXA2 in 

tissue culture, likely because they lack the expression of proteins involved in its 

biosynthesis (Figure 6.6B). Nevertheless, they induce an increase of TXA2 release in co-

culture with platelets (Figure 6.6C). This effect is likely due to the additional activation of 

platelets through a TF-mediated mechanism, but not to the generation of TXA2 by tumour 

cells. In this sense, tumour cells function as a catalytic surface for the activation of 

platelets. The lack of synthesis or response of B16F10 cells in our model further supports 

the idea that the anti-metastatic effect by aspirin is achieved through an inhibition of COX-

1-TXA2 in the microenvironment, rather than on tumour cells. MC-38 cells express high 

levels of COX-1 protein (data not shown), but the effect of aspirin on MC-38-derived 

metastases is not greater than on B16F10-derived ones, suggesting that the contribution 

of tumour cell-derived TXA2 is minimal. However, the contribution of TXA2 signalling on 

TP-expressing tumour cells needs to be further evaluated. 

The analysis of expression patterns of proteins involved in the synthesis and signalling of 

TXA2 can also provide information on the targets of COX-1 and TXA2 inhibitors. On the 

one hand, ASA and SC-560 would target platelets, endothelial cells, 

monocytes/macrophages and alveolar macrophages. On the other hand, OZA would 

affect platelets (TXAS) and PICO would affect platelets (TXAS and TP), endothelial cells 

(TP) and vascular smooth muscle cells (TP). It follows that platelets can be targeted by all 

treatments here employed, although at different stages of TXA2 synthesis and signalling. 

Indeed, we have shown that the inhibition of upstream COX-1 in platelets, either by 
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genetic knock-out or aspirin treatment, is sufficient to abrogate the synthesis of TXA2, 

even in the presence of functional TXAS. These results confirm previous evidence on the 

efficacy of aspirin in reducing circulating TXA2. Moreover, tumour cells are excluded from 

on-target effects of all treatment and can only be affected by out-of target effects.  

All together, these data suggest that platelets represent a hub for TXA2 signalling 

pathway. On the one hand they synthesise TXA2 in response to interaction with tumour 

cells and endothelial cells, and potentially other cell types in vivo, such as 

monocytes/macrophages. On the other hand, they respond to TXA2 autocrine signalling 

by undergoing activation, aggregation and a second wave of TXA2 generation, which 

further amplify their response.  

 

6.4.3 Proposed model of TXA2 signalling in the metastatic cascade 

In the previous Chapters we have confined the anti-metastatic effect of COX-1 inhibition to 

the intravascular phase of metastasis, where the successful execution of consecutive 

steps of the metastatic cascade necessitates COX-1 activity. In this Chapter we have 

recognised the contribution of TXA2 for the establishment of metastasis. As expected, 

COX-1 and TXA2 are required for the execution of temporarily overlapping events.  

Although TXA2 is a downstream effector of COX-1 activity, it is not a direct product of 

COX-1, because its synthesis is also mediated by TXAS. Additionally, COX-1 inhibition 

cannot interfere with TXA2 signalling to its cognate receptor TP. Thus, the relationship 

between COX-1 and TXA2 inhibition is not necessary linear. In this Chapter we have 

confirmed that, by targeting COX-1, aspirin affects TXA2 synthesis to a similar extent to 

COX-1 deficiency. Moreover, platelets seem to be the main target of aspirin. Although 

further studies will be needed to address this hypothesis, we have built a model describing 

the involvement of microenvironment-derived TXA2 in metastasis on the basis of the 

obtained results (Figure 6.9). 
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Tumour cells represent a catalytic surface for the activation and aggregation of platelets, 

which locally release large amounts of TXA2. Thus, tumour cell-platelets aggregated work 

as circulating reservoirs of TXA2, even when tumour cells are not able to generate this 

prostanoid. This is the case of B16F10 (Figure 6.6) and possibly other tumour types with 

low expression of COX-1 (Supplementary figure S3). The autocrine TXA2 signalling on 

platelets supports thrombus expansion and further TXA2 generation. Within the lung 

vasculature, the release of TXA2 induces the constriction of vascular smooth muscle cells, 

promoting the passive arrest of tumour cell-platelets aggregates. Concomitantly, TXA2 

signals to TP receptor on endothelial cells and induces the expression of VCAM-1, as 

previously indicated591,592. Other cytokines released by intracellular granules of activated 

platelets can also induce endothelial cells activation141. B16F10 cells adhere to VCAM-1 

directly, through the expression of VLA-4, or via bound platelets. On the other hand, TXA2 

can induce monocytes chemoattractant protein 1 (CCL2/MCP-1) generation by endothelial 

cells595, which recruits monocytes/macrophages in proximity of the tumour cells. This 

recruitment is facilitated by the arrest of monocytes on endothelial cells through VLA-4-

VCAM-1 interaction141. Finally, TXA2
599 and other platelet-derived factors18,135,652 induce 

microvascular permeabilisation and facilitate tumour cells extravasation. Platelets, 

endothelial cells and monocytes also take part into a positive feedback loop that further 

increases platelet aggregation and TXA2 generation. In fact, platelet-derived TXA2 induces 

expression of TF by endothelial cells594 and monocytes608, which increases the size of 

clots in the tumour cell-platelet-monocyte clusters. 

The contribution of platelet-derived TXA2 has been addressed in the past in the context of 

haemostasis, however its role in the onset of metastasis is yet not understood. According 

to this model, TXA2 promotes metastasis not only through its autocrine signalling on 

platelets, but also through the paracrine signalling to adjacent cell types in the early 

metastatic niche.  This signalling network can be inhibited by aspirin, leading to a reduced 

seeding efficiency and metastasis.  
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Figure 6.9 – TXA2 signalling promotes metastasis. 

Diagram depicting the proposed model by which TXA2 promotes metastasis. The aggregation of 
platelets on tumour cells stimulates the de novo synthesis of TXA2. TXA2 signals to platelets in 
autocrine and paracrine manner and increases thrombosis on tumour cells, thus amplifying TXA2 
release. Concomitantly, TXA2 induces the contraction of vascular smooth muscle cells, inducing 
vasoconstriction. TXA2-TP signalling on endothelial cells induces the expression of VCAM-1, which 
mediates tumour cell and monocytes/macrophages adhesion. The recruitment of monocytes might 
be facilitated by CCL2/MCP-1 release by endothelial cells in response to TXA2. Finally, TXA2 and 
other platelet-derived cytokines induce endothelial cell retraction and might facilitate tumour cell 
extravasation. 

TF= tissue factor; TXA2= Thromboxane A2; TP= TXA2 receptor; VCAM-1= vascular cell adhesion 
molecule-1. 

 

 

 



CHAPTER 6 – The inhibition of platelet TXA2 by aspirin reduces metastasis 

 205 

 

6.4.4 Conclusions and future perspectives 

Together, in this Chapter we have shown the contribution of TXA2 signalling to the 

development of metastasis and identified the source and targets of TXA2 signalling in the 

vascular system, which is the metastatic niche of our model. Moreover, we have tried to 

explain the anti-metastatic effect of COX-1 inhibition under the light of the known effects of 

TXA2 in the vascular system. Our data are compatible with a model where TXA2 derived 

from COX-1 activity in platelets signals to other non-tumour cells in the metastatic niche, 

reinforcing the idea that the anti-metastatic effect of COX-1-TXA2 inhibition is mostly 

microenvironment-centred. However, it would be inappropriate to draw final conclusions 

from our current data on the effect of TXA2 signalling in the metastatic cascade. In future 

work, the employment of PICO and COX-1-/- or aspirinated platelets in our in vivo model 

will help to define the relative of platelet-derived TXA2 signalling in the metastatic niche.    
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The aim of this research project was to identify the mechanisms underlying the anti-

metastatic effect of aspirin. Throughout this thesis we have provided evidence that the 

main target of aspirin for the reduction of metastasis is COX-1. Indeed, the inhibition of 

COX-1 alone by therapeutic or genetic means was sufficient to achieve a reduction of 

metastatic lung nodules by more than 50% in a range of metastasis models. This finding 

is novel and directly implies a role of COX-1 in the metastatic process.  

We have shown that COX-1 activity is required during the intravascular transit of tumour 

cells, while it is not necessary for the persistent growth of the metastatic lung nodules. 

Looking more closely into the underlying mechanisms, the inhibition of COX-1 impairs 

multiple consecutive steps of the haematogenous transit of tumour cells, leading to the 

early inhibition of tumour cells persistence in the lung vasculature. Thus, COX-1 activity 

contributes to the generation of a permissive early metastatic niche. The central hub of 

this niche is platelets. We have found that the inhibition of COX-1 affects tumour cells 

interaction with platelets, which per se is sufficient to decrease metastasis in a number of 

models18,103,113,243-249,269. Additionally, the decrease of platelet association with tumour cells 

is associated with the impairment of multiple subsequent steps of the metastatic cascade, 

such as endothelial cell activation, adhesion of tumour cells to the endothelium, 

interaction with monocytes/macrophages and transendothelial migration.  

The central role of platelets in generating a favourable environment within the circulation 

might depend on their synthesis of TXA2, the main COX-1 product in the blood stream 

during pro-thrombotic states. Indeed, the inhibition of TXA2 synthesis and signalling by 

selective drugs is sufficient to reduce metastasis by targeting the intravascular phase. 

According to our proposed model, TXA2 derived from platelet aggregates on the surface 
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of tumour cells signals to other platelets, vascular smooth muscle cells, endothelial cells 

and monocytes macrophages to generate a favourable early metastatic niche that 

promotes tumour cell seeding and metastasis (Figure 6.8). 

The importance of TXA2 signalling during the establishment of metastasis is further 

supported by the observation that the anti-metastatic effect of aspirin is associated with 

the inhibition of TXA2 synthesis by platelets through a COX-1-dependent mechanism. 

Importantly, we have shown that the restoration of basal levels of TXA2 during aspirin 

treatment, even just during the intravascular phase of metastasis, completely abolished 

the anti-metastatic effect of aspirin. To our knowledge, this is the first evidence supporting 

the notion that TXA2 is the main COX-1 product responsible for the preventive effect of 

aspirin on metastasis.  

Overall, these results shed a new light on COX-1-TXA2 pathway in the context of 

metastasis, well beyond its role in thrombosis. According to our findings, we suggest that 

TXA2 contributes to the generation of a favourable metastatic niche in the circulation that 

promotes tumour cell seeding and metastasis. 

 

7.1 Potential clinical relevance 

Although it would be inappropriate to make direct comparisons between our data and the 

clinical practice, we have made efforts to employ clinically relevant doses and similar 

delivery route of aspirin in our in vivo model in comparison to the clinic. This approach has 

a higher potential to identify targets for drug development. The work presented here 

identifies COX-1 and more specifically TXA2 as a potentially druggable targets in the 

metastatic cascade. In particular, we have shown that the inhibition of COX-1-TXA2 by 

low-medium dose of aspirin is effective exclusively during the intravascular phase of 

metastasis, even when treatment was interrupted after tumour cells extravasation. 

Accordingly, the inhibition of COX-1-TXA2 after tumour cells extravasation does not 
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decrease metastatic burden. These observations suggest the potential use of aspirin as 

adjuvant therapy, particularly effective in patients diagnosed with cancer but with no overt 

metastasis. The recently started Phase III ADD-ASPIRIN trial 

(http://www.addaspirintrial.org) will help to address the efficacy of aspirin in the prevention 

of tumour relapse and metastasis appearance. 

Aspirin is a low-cost agent widely available in most countries and has the potential to be 

employed to prevent cancer and metastasis in the general population. However, even if 

aspirin will prove effective in high-risk groups, it significantly increases the risk of 

developing severe gastrointestinal symptoms and complications. The risk would increase 

with long-term treatment of 10 years of more. Since currently no biomarkers are available 

to predict the appearance of side effects, it is unlikely that aspirin will be introduced as 

prophylactic agent in the general population. Our data suggest that the use of more 

selective TXA2 inhibitors might represent an alternative choice to selectively target TXA2, 

but not other beneficial COX-1 products responsible for the side effects of aspirin. TXA2 

selective inhibitors present a better anti-thrombotic profile and can be administered at 

lower doses, thus they might represent a safer choice as prophylactic therapies for cancer 

patients and the general population. 

 

7.2 Limitations of our research and future perspectives 

During this research project we have employed an experimental model of pulmonary 

metastasis. This model is particularly advantageous to investigate the early steps of the 

metastatic cascade, but it fails to recapitulate all phases of the metastatic cascade, in 

particular intravasation and establishment of the pre-metastatic niche. Additionally, the 

seeding process of experimental metastasis is very different in comparison to clinical 

settings, where tumour cells with invasive traits are positively selected and continuously 

shed from the primary tumour. These differences might change the behaviour of tumour 
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cells in regards of metastasis establishment529. The employment of spontaneous model of 

metastasis could help address these points. 

Additionally, some of the presented experiments were performed in vitro in simplified 

models of the blood circulation, where the contribution of other cell types, such as 

monocytes/macrophages, was not accounted for. The effect of aspirin on these steps of 

the metastatic cascade will be addressed in more details in vivo settings. 

Finally, although we reported a clear contribution of TXA2 to the anti-metastatic effect of 

aspirin, the suggested model of TXA2 signalling during the intravascular phase is mostly 

speculative. In future plans we will address the contribution of TXA2 signalling on 

endothelial activation, monocytes/macrophages recruitment and tumour TEM by 

employing selective inhibitor of TXA2. Additionally, the contribution of platelet-derived 

TXA2 will be investigated through an adaptive transfer of platelets with impaired COX-1 

activity and TXA2 synthesis, achieved through pharmacological or genetic means. 

Together these data will contribute to further understand the interplay between tumour 

cells and non-tumour microenvironment in the early metastatic niche and will provide new 

insights for the development of therapies for metastasis prevention.  
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Supplementary figure S1- Daily intake of drinking water per mouse.  
Expected average daily intake drinking water per C57BL/6 mouse, extrapolated from the 
drinking water consumption of the whole cage over a period of 3 weeks. Mice were 
treated with vehicle (Control, n=97 mice) or ASA (Low, Medium and High doses, n=95, 98 
and 56 mice, respectively). 
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Supplementary figure S2 - Levels of plasmatic SA and SUA in ASA-treated mice.  
Concentration of salicylic acid (SA) in plasma and salicyluric acid (SUA) in urine 
measured in samples collected from the same C57BL/6 mouse treated with ASA for 2 
weeks (n=1 mouse). The higher concentration of SUA to SA is due to the accumulation of 
SUA in urine over time. 
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Supplementary figure S3 - COX-1 expression in clinical tumour samples does not 
correlate with the anti-metastatic effect of aspirin.  
(A) Comparative analysis of COX-1 (PTGS1) mRNA expression in human tumour 
specimen vs. normal tissue cohorts from ONCOMINE (Oncomine™ v4.5). Different 
adenocarcinomas (colorectal, gastric, breast and prostate cancer) and non-
adenocarcinomas (lung and melanoma) were chosen as they represent the most frequent 
types of cancer reported in the metanalysis by Rothwell et al.428. For colorectal and gastric 
cancer, studies involving samples of (adeno)carcinoma were selected. All cancer types 
express COX-1 to a similar extent to normal tissues, regardless whether aspirin reduced 
(colorectal and gastric, responsive to ASA) or did not reduce (breast, prostate, lung and 
melanoma, not responsive to ASA) the risk to become metastatic. 

(B) Correlation analysis between the relative COX-1 expression (cancer vs. normal) and 
the odds ratio (OR) of metastatic cancer (metastatic vs. local disease) for the most 
common cancer types included in the metanalysis of Rothwell et al.428 (mean values, 
Pearson r correlation). 
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Supplementary figure S4 – Different modes of initial arrest of tumour cells in the 
pulmonary vasculature. 
(A) Representative MIP of 3D confocal stacks and surface reconstruction of confocal images 
(20x) of whole lungs of C57BL/6 mice intravenously injected with B16F10-CMFDA cells 
(green) and anti-CD31-APC antibody (red), to label the vasculature. Lungs were 
harvested immediately after injection. On the basis of CD31 antibody exclusion from the 
downstream vessels, tumour cells were classified as localised in a arteriole (left) or in a 
capillary (right). 

(B) Quantification of the percentage of intra-arteriole or intra-capillary tumour cells from 
confocal images (n=3 mice per group, ≥10 FOVs per repetition were analysed; mean + SD, 
unpaired t test).  
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Supplementary figure S5 - Tumour cell adhesion to the endothelium is not affected 
by high shear stress. 
(A) Representative epifluorescence images (10x) of tumour cells (B16F10-CMFDA, 
green), platelets (Plts-PKH26, red) and endothelial cells (LMVECs, DIC), after 10 minutes 
of 0.05 dyn/cm2 (left panels) or subsequent 2 minutes at 1 dyn/cm2 (right panels) shear 
stress. Tumour cells, platelets and endothelial cells were pre-treated separately with 
vehicle (Control), ASA, SC-560 or NS-398.  

(B) Relative number of tumour cells, normalised to vehicle, adhered to endothelial cells in 
the presence of platelets after shear stress of 0.05 dyn/cm2 or 1 dyn/cm2, upon vehicle, 
ASA, SC-560 or NS-398 pre-treatment (n=4 independent experiments, 10 FOVs per 
repetition were analysed; mean + SD, 1-way ANOVA with Tukey’s Multiple Comparison test). 
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Supplementary figure S6 – Comparison of different methods for the quantification 
of tumour cell intercalation. 
(A) Percentage of tumour cells (B16F10-CMFDA) intercalated within a monolayer of 
endothelial cells (LMVECs), monitored for 10 hours and counted manually. To do so, 
tumour cells were visually scored as not intercalated, intercalating and intercalated in 
epifluorescence images (see Figure 5.7A) (n=1 experiment, 9 FOVs per repetition were 
analysed; mean ± SD, Nonlinear fit with extra sum-of-square F test).  

(B) Percentage of intercalated tumour cells, monitored for 10 hours and automatically 
scored. Briefly, tumour cells surface was reconstructed and their ellipticity was measured 
through Imaris software. Tumour cells were scored as not intercalated, intercalating or 
intercalated by setting ellipticity thresholds (see Figure 5.7A) (n=3 independent 
experiments, 9 FOVs per repetition were analysed; mean ± SD, Nonlinear fit with extra 
sum-of-square F test). 
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Supplementary figure S7 – Immunofluorescence detection of proteins involved in 
TXA2 signalling in lung sections. 
(A-C) Representative MIP of 3D confocal stacks of lung sections from C57BL/6 or 
Cx3cr1gfp/+ mice. Expression of TP (A), TXAS (B), COX-1 (C) was detected in lungs 
harvested from naïve C57BL/6 mice (A-B) or mice intravenously injected with tumour cells 
(B16F10-GFP). Lung vessels were labelled with vWF (green) in (C). Based on the tissue 
morphology, 1 indicates vascular smooth muscle cells, 2 indicates endothelial cells, 3 
indicates alveolar macrophages and 4 indicates platelets (n≥3 lungs). Isotype controls are 
represented in bottom-right inserts. Scale bars represent 100 µm. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 


