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Summary

Although the main role of platelets is linked to haemostasis and thrombosis, one of

the best-established roles of platelets in non-haemostatic or thrombotic disorders, is

their participation in cancer invasion and metastasis. In fact, platelets aggregate in

the presence of tumour cells in a phenomenon known as Tumour Cell-Induced

Platelet Aggregation (TCIPA) and during this interaction platelets release their

contents and contribute to tumour growth and to the potential development of blood

metastasis.

Prof Rozas’ group from the School of Chemistry (Trinity College Dublin) has

recently developed a group of novel 2-amino imidazoline derivatives that displays a

high affinity binding for the histamine-2 receptor. Histamine is known to promote

platelet aggregation and three of those compounds (APK, BK9C, BK9D) have

shown the ability to inhibit platelet aggregation induced by platelet agonists. Based

on those findings, the main objective of this work was to investigate the potential

effect that these compounds could exert on TCIPA.

Methods: Blood was isolated from healthy volunteers and washed platelets were

obtained by differential centrifugation. Three human cancer cell lines: A549 (human

lung carcinoma cell line), HT1080 (human fibrosarcoma cell line) and HT29

(human colorectal carcinoma cell line) were cultured following ATCC

recommendations. The ability of these three cancer cell lines to induce TCIPA was

first examined by Light Transmission Aggregometry (LTA) and then the ability of

the compounds to modify TCIPA induced by a fixed concentration of cancer cells

was investigated. As the effect of histamine is thought to involve thromboxane

(TXA2) generation, aspirin was also tested for comparison purposes. The effect of

those compounds on TCIPA was further corroborated by optical microscopy and the

potential role of matrix-metalloproteinases (gelatinases MMP-2 and MMP-9) during
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this interaction investigated by gelatine zymography.

Results: The three cancer cell lines tested were able to induce TCIPA in a

concentration-dependent manner. Although the three compounds inhibited TCIPA

induced by A549, HT1080 and HT29 cells at 500uM and 1mM, aspirin at 1mM did

not exert any inhibitory effect on TCIPA induced by any of the three cancer cell

lines. Those effects were further corroborated by optical microscopy. The release of

both gelatinases, MMP-2 and MMP-9, during TCIPA induced by HT1080 was not

modified in the presence of those compounds.

Conclusion: APK, BK9C, and BK9D inhibited platelet aggregation induced by

A549, HT1080 and HT29. Further studies involving those compounds are warranted

as they seem to be promising candidates for modulating platelet function and/or

tumour-cell-induced platelet aggregation.
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1. Introduction

1.1 Cancer

Cancer is one of the leading health-related problems worldwide. It constitutes the

second major cause of death in the western world, after cardiovascular diseases,

accounting for 9.6 million of death in 2018. According to The International Agency

for Research on Cancer (IARC), the specialized cancer agency of the World Health

Organization (WHO), the most common types of cancer in men are lung, prostate,

and colorectal cancer. In woman, breast cancer is most common followed by

colorectal and lung cancer (Ferlay et al., 2019).

The main cause of death in patients suffering from cancer is the development of

metastasis or secondary malignant growths from the primary site of cancer

(Seyfried and Huysentruyt, 2013). Although the main role of blood platelets is to

modulate haemostasis, it is also recognised that platelets play an important role in

the development and progression of cancer. In fact, cancer cells can aggregate

platelets and when this phenomenon takes place, platelets release their contents

locally conferring to the cancer cells’ ability to grow and invade. In addition, when

platelets aggregate after contacting cancer cells, they form a layer around cancer

cells helping them to escape from the immune system and to travel through the

blood stream to another place where they can further divide and form a second

tumour or metastasis (Jurasz, Alonso-Escolano and Radomski, 2004) (Yan and

Jurasz, 2016).

To date, only anticoagulant drugs have been used to inhibit tumour cell-platelet

interactions and any other attempts modulating platelet function have been

unsuccessful (Akl et al., 2007) (Fernandes et al., 2019). Therefore, improving the

knowledge on platelet-cancer cells interactions and developing novel therapeutic

approaches may represent an interesting approach for preventing or reducing

tumour growth and tumour metastasis.
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Lung cancer

According to Global Cancer Statistics (Bray et al., 2018) in 2018, lung cancer has

become the most frequent cancer and the leading cancer killer in the world. It

constitutes one of the most malignant tumours with the fastest growth, leading to

great morbidity and mortality. In the past 50 years, the incidence and mortality of

lung cancer have significantly increased in many countries. A large amount of data

indicates that long-term smoking leads to the occurrence of lung cancer, even

though other factors can also contribute to its development (Furrukh, 2013).

Previous studies have shown that the prevalence of lung cancer in a long-term large

number of smokers is 10 to 20 times higher than in non-smokers. Nevertheless,

10-15% of patients with lung cancer are non-smokers, and the cause of the disease

is often associated with genetic factors, exposure to radon gas or second-hand

smoking among others (Thun et al., 2008). Lung cancer can be classified as small

cell lung cancer (SCLC ~15%) and non-small cell lung cancer (NSCLC ~85%)

(Zappa and Mousa, 2016). From the histological point of view, lung cancer is

differentiated into four classes, including adenocarcinoma, squamous cell carcinoma,

small cell carcinoma, and large cell carcinoma (Collins et al., 2007).

The clinical manifestations of lung cancer are diverse. The presence or absence of

symptoms and signs, as well as their appearance, depends on the location of the

tumour, type, presence or absence of metastasis and complications, as well as the

degree of patient response and tolerance. The symptoms of lung cancer are broadly

divided into: local symptoms, systemic symptoms, extra pulmonary symptoms,

infiltration, and metastatic symptoms (Purandare and Rangarajan, 2015).

Cough is the most common first symptom, appearing in 35% to 75% of the patients.

Coughing associated with lung cancer may be related to changes in the bronchial

mucus secretion, obstructive pneumonia, pleural invasion, atelectasis, and/or other

intrathoracic complications. Blood or haemoptysis in sputum is also a common

symptom of lung cancer, which accounts for about 30% of the first appearing
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symptoms. Around 25% of patients get chest pain. In advanced stages, patients

present loss of appetite, severe wasting, anaemia and cachexia (Rolston and Nesher,

2018).

Targeted treatment programs rely on the lung cancer cell type and its stage.

Common treatments are surgery, chemotherapy, radiotherapy, immunotherapy, and

combinations of these therapies. NSCLC is sometimes treated with surgery to

remove the tumours (Zappa and Mousa, 2016) while SCLC responds better to

chemotherapy and radiotherapy (Alvarado-Luna and Morales-Espinosa, 2016).

Some researchers have found that tumour burden is the most common immediate

cause of death for those patients (Nichols, Saunders and Knollmann, 2012).

Complications, such as bronchial obstruction can lead to pneumonia (Nichols,

Saunders and Knollmann, 2012), and the development of pulmonary haemorrhage,

due to tumour invasion into the blood vessels, accounts for approximately 12

percent of death. It is well-known and widely recognised that patients who have

lung cancer, may develop venous thromboembolism (VTE), that also contribute to a

significant percentage of mortality and morbidity (Miyaaki et al., 2010). The risk

factors of VTE in patients with lung cancer are the advanced stage, old age, and

chemotherapy (Chen et al., 2019). The development of thrombosis on those patients

seems to be linked to, among others, the ability of tumour cells to release

pro-thrombotic tissue factor (TF) that can ultimately lead to activation of

coagulation cascade and platelet aggregation (Vitale et al., 2015).

Fibrosarcoma

Fibrosarcoma (fibroblast sarcoma) is a primary malignant mesenchymal tumour. It

derived from fibrous connective tissue where fibroblasts become aberrant and

multiply in excess (Augsburger et al., 2017). The basis for distinguishing

fibrosarcoma from other bone sarcoma is that malignant cells in firbosarcoma

produce mainly collagen instead of bone or cartilage. There are two main categories:

infantile-type and adult-type fibrosarcoma. In adults, the incidence is higher in
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males than in females with a peak incidence around the third decade of life,

although it affects people from 30-60 years old. Fibrosarcoma accounts for

approximately 5% of all soft tissue sarcomas (Augsburger et al., 2017). It also can

be divided into low-grade fibromyxoid sarcoma (LGFMS) and sclerosing

epithelioid fibrosarcoma (SEF) and other subtypes (Rúbia et al., 2013). According

to American Cancer Society, the risk factors contributing to soft tissue sarcomas

may be impaired lymph system, exposure to radiation or chemicals and genetic

mutations (Wang et al., 2000).

The initial symptoms of fibrosarcoma may be a mass or swelling area under the skin.

The most common location is the thigh, followed by the trunk and other limb bones.

Diagnosis is challenging based on its clinical symptoms. Usually, it is deeply

located in the soft tissue and the tumour mass is consistent and spherical in shape

(Augsburger et al., 2017). Magnetic resonance imaging (MRI), computed

tomography (CT) or X-ray and surgical biopsy need to be performed (Manzanares

Nistal, 1976). Diagnostic methods which are based on histopathology,

immunohistochemic (IHC) marker, and microRNAs-diagnostic markers are usually

needed to differentiate fibrosarcoma from other sarcomas (Augsburger et al., 2017).

Surgery, chemotherapy, and radiotherapy still represent the traditional clinical

treatments. Recent studies described novel therapeutic approaches targeting the

tumour microenvironment (Frantz, Stewart and Weaver, 2010). The interaction

between cancer cells and tumour microenvironment plays a vital role in tumour

growth and metastasis.

A clinical study suggested there is a link between the presence of sarcoma and deep

venous thrombosis (DVT) (Benns et al., 2006). As mentioned before, TF is

associated with hypercoagulability states in patients with cancer, and it correlates

with tumour progression and its metastatic potential. It has been also reported that

similar relationship is also present in fibrosarcoma (Lima and Monteiro, 2013).
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Human colorectal adenocarcinoma cancer

Colorectal cancer (CRC) has become a prevalent type of cancer, and its current

global incidence and mortality rate are among the highest (Bray et al., 2018). In

2018, the number of new cases reached nearly two millions, and the number of

deaths associated with colon cancer was close to nine hundred thousand. It is the

second leading cause of cancer death in woman, and third in men (Tariq and Ghias,

2016). Advanced screening techniques have greatly improved early diagnosis and

treatment, decreasing the death rate. Older age, high alcohol intake, obesity, and

other eating habits (Haggar and Boushey, 2009) are all potential risk factors

contributing to colorectal cancer. Some reports have found that doing exercise

increases the metabolism of glucose and insulin consumption, and further reduces

the effect of insulin on colorectal epithelial cells (Haggar and Boushey, 2009).

In the early stage, there are usually no symptoms although bloating, indigestion, and

changes in bowel habits, abdominal pain, mucus, or sticky stools can also appear

(Del Giudice et al., 2014). After tumour ulceration and blood loss, symptoms such

as anaemia, and fatigue often occur. Sometimes abdominal distension, abdominal

pain, constipation or failure to defecate, suggesting that incomplete or complete

intestinal obstruction may occur (Yamada et al., 2009).

Most of the time, colon cancer is caused by the deterioration of benign tumours.

Effective treatment of intestinal polyps or adenomas can reduce the incidence of

colorectal cancer by 76%-90% (Wan et al., 2002). Therefore, the methods for

screening are crucial, and the detection of cancer at earlier stages has notably

improved the prognosis of those patients. The performance of colonoscopy and

imaging techniques such as barium X-ray, CT colonography (Otani et al., 2018),

and ultrasound or MRI are essential for determining the stage of the tumour and

presence of metastasis (De Rosa et al., 2015).

Several factors are considered when choosing the appropriate treatment for every

individual, such as the location and stage of colonic cancer. Conventional treatments
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are surgery, chemotherapy, and radiotherapy. If the cancer is diagnosed at early

stage, surgical removal and nearby lymph nodes are the most common and preferred

treatment, although sometimes other treatments are combined (Wolpin and Mayer,

2008). Immunotherapy can target the proteins or factors which promote tumour

growth, and it has fewer adverse effects. The commercial monoclonal antibodies

used to treat colorectal cancer are bevacizumab and ramucirumab， inhibiting the

formation of angiogenesis and the growth of cancer cells (Ciardiello et al., 2019).

Increasing evidence shows that there is a clear relationship between cancer cells and

the development of thrombosis (Rees et al., 2018). Venous thromboembolism (VTE)

poses a threat to the survival of patients with CRC. Even though some patients

respond to the treatment and have a favourable cancer prognosis, VTE leads to high

morbidity and mortality (Alcalay et al., 2006). The use of anticoagulation treatment

that can potentially reduce the frequency of VTE and pharmacological

thromboprophylaxis after surgery is still internationally recommended (Rees et al.,

2018). On the other hand, although it seems that the long-term use of aspirin can

significantly reduce the incidence of colon cancer (Chan et al., 2006), it also leads

to dose-related gastrointestinal bleeding, resulting in more serious side effects.

1.2 Haemostasis, thrombosis and cancer

Primary haemostasis (platelets)

The role of platelets in haemostasis was discovered and first named back to 1882 by

Bizzozero. Platelets are small fragments of cytoplasma that are detached from the

mature megakaryocytes (Jurasz, Alonso-Escolano and Radomski, 2004). In

circulating blood, platelets are usually at resting state, while in certain physiological

or pathological states, platelets can be activated and a series of physiological

pathways are triggered (Sira and Eyre, 2016). Structurally, they lack of nucleus and

their surface has abundant glycoprotein receptors, which bind to outer molecules

specifically to induce the corresponding effects. Besides, platelets are rich in dense
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granules and alpha granules that contain different mediators and growth factors

(Golebiewska and Poole, 2015).

After vascular injury, primary haemostasis (mediated by platelets) and secondary

haemostasis (involving the coagulation cascade) take place simultaneously to repair

the tissue damage and to restore the normal blood circulation. Primary haemostasis

is aimed to preserve the integrity of the circulatory system by the adhesion of

platelets and the formation of ‘softer clots’ to the wound. It is followed by initiation

of the coagulation cascade and fibrinolysis system for maintaining and

consolidating the vascular repair (Clemetson, 2012).

Primary haemostasis is concluded in three main steps: platelet adhesion, platelet

activation, and platelet aggregation. The endothelium is coated by a sugar-protein

glycocalyx that provides a physical barrier and repels platelets due to its negative

charge. Under physiological circumstances, the integrity of vascular endothelium

and a balance between pro-thrombotic and antithrombotic mediators produced by

endothelium cells both are maintained, keeping the platelets in resting state in the

vasculature (Sira and Eyre, 2016). Collagen, that supports the blood vessel wall and

surrounding tissues, is also concealed by endothelium cell layers and not in contact

with circulating platelets. In addition, endothelium cells release antithrombotic

factors, such as: nitric oxide (NO), and prostacyclin (PGI2) (Mitchell et al., 2008).

CD39, and ADPase expressed on the surface of endothelial cells, can hydrolyse

small amounts of ADP. In contrast, when the blood vessel is injured, platelet

adhesion is initiated as concealed adhesion molecules, like collagen and Von

Willebrand Factor (vWF) are exposed. Collagen and laminin bind to blood platelets,

slowing down and stopping the flowing platelets, via GPI/IIa and GPVI receptors

expressed on the platelet surface. Exposed collagen can also bind to vWF, and then

adhesion of platelets through GPIb/V/IX complex receptors also takes place

(Clemetson, 2012).

After the interactions of platelets with the blood vessel occur, platelets become

strongly activated. Subsequently, platelets change their shapes in many directions
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and secret pro-aggregatory factors, alpha- and dense granules: ADP， TXA2，

MMP-2，and also contribute to thrombin generation (Golebiewska and Poole, 2015).

This process involves the binding and activation of G-protein-coupled receptors on

the platelet surface, enhancing the recruitment and activation of more platelets (Li et

al., 2010). Platelets receptors such as P-selectin and GPIIb/IIIa translocate to the

membrane. GPIIb/IIIa that binds to fibrinogen and fibrinogen, acts like a bridge to

connect adjacent platelets that interact with each other, resulting in platelet

aggregation (Clemetson, 2012). At the same time, the production of thrombin is also

enhanced. Therefore, more platelets are activated and the coagulation cascade or

secondary haemostasis is initiated (Sira and Eyre, 2016).

Secondary haemostasis (coagulation cascade)

The coagulation cascade or secondary haemostasis culminates in the cleavage of the

soluble fibrinogen by thrombin forming a fibrin mesh and preventing blood loss

(Sira and Eyre, 2016). This process takes place simultaneously to platelet

aggregation. After vessel-wall damage, the contact activation pathway initiates the

coagulation cascade through the Tissue Factor (TF) (Hou et al., 2015) and

culminates in thrombin generation (Clemetson, 2012). Thrombin generated interacts

with proteinase-activated-receptors (PARs) in platelets, promoting platelet

aggregation and converting soluble fibrinogen into insoluble fibrin to enhance the

aggregated plug. It also protects platelet aggregates from fibrinolysis by activating

fibrinolysis-inhibitors (Sira and Eyre, 2016).

Thrombosis and cancer

The relationship between thrombosis and cancer was first reported by Armand

Trousseau in 1865. Some studies have previously established that venous and

arterial micro-thrombi can be found in the vasculature of patients with malignancies

(Jurasz, Alonso-Escolano and Radomski, 2004). Compared with non-cancer patients,

cancer patients have a 5- to 7-fold higher risk of getting thrombotic complication
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(Factors and Metharom, 2018). In fact, 0.5% of cancer patients develop thrombosis

while the incidence rate is 0.1% in the general population. The most common type

of cancer-associated thrombosis is venous thromboembolism (VTE). It is estimated

that approximately 20% of patients with cancer would experience VTE at a certain

stage, and the rate is the highest in initial stages following diagnosis. Arterial

thrombosis has been also reported to be related to the use of chemotherapy in cancer

patients (Factors and Metharom, 2018), nonetheless the clinical data available is

smaller (Karimi and Cohan, 2010). However, a recent study has proposed that the

risk factors for arterial thrombosis are also related to VTE (Mi et al., 2016).

Patient-related factors such as age, type of tumour, treatment, and other individual

comorbidities or risk factors may influence the development of thrombosis (Falanga

et al., 2017). There are also a variety of cancer-associated risk factors, including

tumour location, histological type, etc. (Connolly and Khorana, 2010).

Patients with lung cancer, fibrosarcoma, and colorectal cancer may suffer from

haemostasis abnormalities, leading to the development of venous thromboembolism.

This is due to the biological connection between haemostatic system and cancer

cells (Falanga, Marchetti and Vignoli, 2013). Tumour cells can interact with and

activate the haemostasis system, leading to the development of thrombosis through

different pathways, as described by Frederick (Rickles and Falanga, 2001). Cancer

cells can synthesize or express procoagulant molecules, such as TF, as well as

micro-particles, promoting blood clotting (Rickles and Falanga, 2001). Another

mechanism has been found. The development of VTE in patients with solid tumours

is linked to defects during fibrinolysis (Kwaan and Keer, 1990). Inflammatory

cytokines produced by cancer cells can also play an essential role in the

development of thrombosis (Falanga, Panova-Noeva and Russo, 2009). Adhesion of

tumour cells to host vascular cells, especially the direct interaction of tumour cells

and endothelial cells (or platelets) in blood vessels (Rickles and Falanga, 2001),

results in occurrence of VTE in patients with cancer.
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The role of platelets in cancer

It is well-known that platelets play a central role in haemostasis and coagulation to

keep the physiologically integrity of the blood vessels. However, as previously

mentioned, platelets also play a vital role in cancer progression, invasion, and

metastasis. Blood platelets can directly interact with cancer cells, and this

interaction can contribute to cancer cell growth and metastasis (Meikle et al., 2017).

Tumour cells have been shown to have the ability to activate and aggregate platelets,

and this phenomenon is called Tumour-Cell-Induced-Platelet-Aggregation (TCIPA)

(Meikle et al., 2017). Cancer cells can interact with platelets through different

receptors and signalling molecules and when tumour cells stimulate platelets,

several types of pro-aggregatory factors can be released, promoting platelet

aggregation and the release of the platelet contents, such as adenosine diphosphate

(ADP), stored in dense granules, which has been shown to play an important role in

TCIPA (Meikle et al., 2017). Similarly, thromboxane A2 (TXA2), another mediator

generated from platelets, and thrombin, the most potent activator in the coagulation

cascade, can modify platelet function via G-protein-coupled proteinase-activated

receptors (GPARs) (Li et al., 2010). Some cancer cells can generate thrombin,

promoting TCIPA (Gordon, Fossati and Falanga, 1986) and fibrosarcoma HT-1080

cells have been shown to mediate platelet aggregation via MMP pathway

(Alonso-Escolano, Alex Y. Strongin, et al., 2004).

TCIPA confers advantages to tumour cells promoting their survival and tumour

growth, and it also has been indicated that there is a correlation between TCIPA and

tumour spread (Paul Jurasz et al., 2001). When platelet aggregates, tumour cells are

covered by a coat of platelets and acquire the ability to evade the immune system of

the body. Also, aggregates shield tumour cells from TNF-α-mediated cytotoxicity

and the shear force, which may lead to tumour cell disruption in flowing blood

(Philippe et al., 1993). Furthermore, large tumour-platelet aggregates have the

tendency to embolize the microvasculature at a new extravasation site (Jurasz,
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Alonso-Escolano and Radomski, 2004). Other benefits brought by platelets are

increasing the ability of tumour cells to attach to the vascular endothelium (Rickles

and Falanga, 2001) and releasing various growth factors which can be used by

tumour cells for growth and invasion. Platelets can promote the expression of tissue

factor by cancer cells (Orellana et al., 2015) and produce MMP-2 and secret

lysophosphatidic acid (LPA) (Meikle et al., 2017), further benefiting tumour

metastasis and progression.

1.3 The role of matrix metalloproteinases in TCIPA

Matrix metalloproteinases or matrixins are a large family of endopeptidases which

are able to degrade extracellular matrix (ECM) (Ahmad et al., 2014) and are named

for their dependence on metal ions such as Ca2+ and Zn2+. The MMPs family has

been divided into 26 members, numbered MMP 1-26. According to the substrate

and fragment homology, MMPs are classified into 6 groups, which are Collagenases,

Gelatinases, Stromelysins, Matrilysins, Membrane Type MMPs, and other MMPs

(Visse and Nagase, 2003).

Figure 1.The domain structure of matrix metalloproteinases. Adapted from
(Nagase, Visse and Murphy, 2006).

Most of the family members have a similar structure and generally consist of 3

functionally distinct domains:

(1) Hydrophobic signal peptide sequence;

(2) Pro-peptide region, which has a highly conserved sequence and is made up of

80-90 amino acids, including a cysteine residue. The main function is to maintain
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the stability of the zymogen and the mechanism is the cysteine residue has the

ability to prevent binding and removal of the substrate via interacting with the zinc

ion in the active region. When the region is cleaved by an exogenous enzyme, the

initial MMPs zymogen is activated, and matrixin is synthesized;

(3) Catalytically active region, consists of at least one calcium ion bound to various

residues and two zinc ions, one of which is responsible for the enzyme catalysis.

This region is also highly conserved;

(4) Flexible hinge region or linker peptide, is the bridge connected the active region

with C-terminal domain;

(5) Hemopexin-like region with carboxy-terminal, is named as it is similar to serum

protein hemopexin in structure, and it determines the substrate specificity of MMPs.

In addition, it is also a binding site for tissue inhibitors of metalloproteinases

(TIMPs), but absent in MMP-7 (Massova et al., 1998).

Members of MMPs have their own properties based on the above typical structure,

and the diversity between MMP subgroups is formed by adding and/or removing

functional domains. There is particular substrate specificity between various MMPs,

but this kind of specificity is not absolute. One type of MMP can degrade a variety

of extracellular matrix components, and one of the extracellular matrix components

can be degraded by various MMPs, but the degradation efficiency of the different

enzymes can also differ.

MMPs are secreted by many cells, including fibroblasts, vascular smooth muscle

(VSM) and white blood cells, as latent forms of pro-MMP (Wang and Khalil, 2018).

After stimulation, pro-MMP is converted into MMP, contributing to the hydrolysis

of ECM structure and interactions with cells. Since MMPs can degrade almost all

protein components in the ECM, MMPs can take part in many physiological and

pathological processes, such as immunity, wound healing, tissue remodeling,

inflammation, and cancer (Löffek, Schilling and Franzke, 2011).
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One of the group members of the MMPs family are the gelatinases, also known as

type IV collagenase. They differ from other MMPs in that these enzymes contain

three repeats of a type II fibronectin protein-like domain inserted in the catalytic

domain (Visse and Nagase, 2003). These repeats form a collagen-binding domain

(CBDs) that specifically interacts with collagen and other extracellular matrix

molecules. It has a high affinity to gelatine and elastin, which plays a significant

role in the localization of the substrate and the hydrolase activity.

The role of gelatinases in platelet aggregation was first described in 1997 (Sawicki

et al., 1997). It has been suggested that MMP-2 is randomly distributed in the

cytoplasm when platelets are in the resting state. During platelet aggregation,

MMP-2 translocates to the plasma membrane and it is excreted into the extracellular

environment (Sawicki et al., 1998). MMP-9 is thought to counteract the

pro-aggregatory effect of MMP-2 (Fernandez-Patron et al., 1999).

Although the mechanism of action of MMPs is not well understood, it has been

demonstrated that platelet aggregation is improved by the catalytic activity of

MMP-2 and that MMP-2 co-localise with the GPIIb/IIIa receptor (Choi et al., 2008).

It is also known that the effect of MMP-2 on aggregating platelets relies upon the

transformation of pro-MMP-2 to MMP-2 by MMP-14 (Alonso-Escolano, Alex Y.

Strongin, et al., 2004). MMP-2, as a pro-aggregatory agent, is present in human

platelets, and released during platelet activation for ADP- or thromboxane-mediated

platelet aggregation signalling (Choi et al., 2008). Blocking the MMP-2 binding to

integrin-alphaIIbeta3 can weaken the ability of MMP-2 to enhance platelet

aggregation (Choi et al., 2008).

Not only platelets can release MMPs, but cancer cells can also express MMPs. For

example, human fibrosarcoma cells HT1080 can secrete high amounts of MMP-2

and MMP-9 (Jurasz P et al., 2001). In addition, HT1080-induced platelet

aggregation can be reduced by specific MMP-2 inhibitors and regulated by NO

(Jurasz P et al., 2001).
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1.4 Effects of 2-amino imidazoline derivatives on platelet

function

Human platelets express histamine receptors (H1 and H2) (Hallberg, Dohlsten and

Baldetorp, 1984). Histamine has been shown to promote platelet aggregation, and

H2-receptor antagonists modify platelet aggregation in vitro (Nakamura K et al.,

1999). Although the exact mechanism by which histamine modulates platelet

function has not been fully elucidated, it seems to be mediated by platelet agonists

and involves TXA2 generation and platelet degranulation (Saxena et al., 1990).

H2-receptor antagonists such as famotidine, roxatidine, cimetidine, and ranitidine

have shown to inhibit agonist-induced platelet aggregation. Ranitidine and

cimetidine have the strongest inhibitory action on platelets, followed by famotidine

and roxatidine (Nakamura K et al., 1999).

Prof Isabel Rozas’ group from the School of Chemistry (TCD) has developed a

novel group of 2-amino imidazoline derivatives that displays a high affinity binding

for the histamine-2 receptor (Keogh Aaron Peter, 2019, ‘New Approaches to the

treatment of Schizophrenia and other Neuropsychiatric Disorders: Targeting

α2-adrenoceptors’, PhD thesis, Trinity College Dublin, Ireland). Based on those

findings, a collaborative work with the objectives of evaluating the potential effect

of those compounds on platelet function was established. The experimental work

carried out in our group demonstrated that three of those derivatives named: APK,

BK9C, and BK9D (Table 1) were able to inhibit platelet aggregation induced by

collagen and ADP by LTA. In addition, flow cytometry studies also demonstrated a

downregulation in the expression of P-selectin and GPIIb/IIIa receptors when

platelets were incubated with those compounds and platelet aggregation induced by

collagen.
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Compound Chemical structure Exact Mass Molecular Weight

APK 251.1189 251.7580

BK9D 252.1142 252.7460

BK9C 226.0985 226.7080

Table 1: Basic chemical information about the three H2-receptor antagonists

synthesized by TCD School of Chemistry.

Those results prompted our group to investigate if those compounds could also have

a potential effect on TCIPA.
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2. Objectives

The main objective of this work is to investigate if three 2-amino imidazoline

derivatives developed by Prof Rozas’ group that inhibit platelet aggregation are able

to modify tumour cell induced platelet aggregation (TCIPA)

For this purpose:

(1) The ability of three cancer cell lines (solid tumours) from different origins (lung:

A549; fibroblasts: HT1080; colon: HT29) to induce platelet aggregation is first

investigated using Light Transmission Aggregometry (LTA).

(2) Once the optimal concentration of cancer cells to induce TCIPA is determined,

the effect of a series of different concentrations of the developed compounds

(APK, BK9C, and BK9D) on TCIPA is evaluated by LTA.

(3) The effect of those compounds on TCIPA is further corroborated by optical

microscopy.

(4) The potential role of matrix-metalloproteinases (gelatinases MMP-2 and

MMP-9) during this interaction is also investigated.
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3. Materials and methods

3.1 Reagents

All regents were purchased from Sigma-Aldrich (Dublin, Ireland) except Collagen

(Chrono-log, Labmedics, UK) and reagents for carrying out protein assay (Biomed,

Fannin, Ireland).

The three novel 2-amino imidazoline derivatives tested in this work named APK,

BK9C, and BK9D were developed by Aaron P. Keogh in Prof Isabel Rozas group

(Keogh AP, 2019, ‘New Approaches to the treatment of Schizophrenia and other

Neuropsychiatric Disorders: Targeting α2-adrenoceptors’, PhD thesis, Trinity

College Dublin, Ireland) and supplied in solution with Dimethyl Sulfoxide

(DMSO).

3.2 Tumour cell culture

Three cancer cell lines from different origins (A549-lung carcinoma;

HT1080-fibrosarcoma; HT29-colonrectal carcinoma) were used during this study

and obtained from the European Collection of Cell Culture (ECCC). All of these

three cell lines are anchorage-dependent cells. This means they are maintained as

attached monolayers on the substratum of tissue culture flasks. They were grown at

37℃in a humidity environment whose gas is controlled at 5% CO2. The media used

for each cell line and their sub-cultivation rates are summarized in Table 2. Cells

were tested for mycoplasma contamination every three months.

A549 is a human alveolar basal epithelial cell line that was originally isolated in

1972 by separating and culturing the adenocarcinomic lung tissue from a

58-year-old caucasian male. It is considered as a representative cell line for the

alveolar type II pneumocytes, and it is widely used for in-vitro cancer research

(Foster et al., 1998). A549 cells are adherent cells and grow as a monolayer (Figure
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2).

Figure 2. Optical microscopy of A549 cells (Adapted fromATCC).

HT1080 is a fibrosarcoma cell line obtained by dispersal of tissue from a

35-year-old male who died without receiving radiotherapy and chemotherapy. The

growth of the cells is not limited by the contact inhibition, attaching to the bottom of

the flasks to grow up to high density in vitro (Suraiya et al., 1974). HT1080 cells are

polygonal in morphology with hyperchromatic nuclei (Figure 3).

Figure 3. Optical microscopy of HT1080 cells (Adapted fromATCC).

HT29 is a colorectal adenocarcinoma epithelial cell line. It was isolated from a

primary tumour in a 44-year-old female through culturing explanted tissue in 1964.

HT29 cells are adherent, growing tightly at high density and produce mucus (Figure
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4). The cell line has been considered as a valuable colon tissue model for human

colon cancer study in vitro.

Figure 4. Optical microscopy of HT29 cell line (Adapted fromATCC).

Table 2. Culture methods for A549, HT1080 and HT29 cells.

Cell Type Suitable Nutrient Medium Medium

Change

Subcultivation

Ratio

A549 Advanced DMEM medium (with

Non-Essential Amino Acids+ 110mg/L

Sodium Pyruvate) +5% L-glutamine

+10% Foetal Bovine Serum.

2-3 times a

week

1:3 to 1:20

HT1080 RPMI-1640 medium (with 1%

L-glutamine) containing 10% Foetal

Bovine Serum.

2-3 times a

week

1:4 to 1:16

HT29 Modified McCoy’s 5A medium

supplemented with L-glutamine and

sodium bicarbonate, containing 10%

Foetal Bovine Serum.

2-3 times a

week.

1:3 to 1:8



30

3.2.1 Cell recovery

The cells were used for the experiments only for a maximum of 10 consecutive

passages. Vials were taken from liquid nitrogen as required and thawed at 37 ℃ ,

transferred into a 50 mL-Falcon tube, and 10mL of media added drop by drop and

mixed carefully within approximately two minutes. Cells were then centrifuged at

300 xg for 5 minutes and resuspended in fresh complete media carefully to avoid

the formation of clusters. Finally, the medium containing cells was transferred into

the flask which was incubated at 37 ℃ with 5% CO2. On the second day, the

medium was replaced and renewed as stated in Table 2.

3.2.2 Cell splitting

Media was first discarded, and trypsin containing EDTA was added and aspirated to

remove any trace of serum left. Subsequently, the cells were incubated for 2 minutes

with trypsin solution to detach the adherent cells from the substrate. After that, the

flask was taped gently to check whether the cells were detaching and floating under

the microscope. Complete media was then added, and the media containing cells

was transferred into a new 50 mL-Falcon tube. Pellet cells were obtained by

centrifugation at 300 xg for 5 minutes. The supernatant was removed, and complete

growth media was added. Cells were resuspended and transferred into the flasks

before being placed into the incubator.

3.2.3 Cell cryopreservation

When cells were confluent, they were detached as described in the previous section,

trypsin was neutralized, and cells were centrifuged at 300 xg for 5 minutes.

Complete growth media was added to resuspend the pellet, and DMSO dropped into

the vial slowly within 2 minutes. The resultant cell suspension was transferred into a

cryo-vial, placed in a bucket with ice and then in the -20 ℃ freezer for 30 minutes.

To adapt cells to the lower temperature of vapour phase of liquid nitrogen (-196 ℃)



31

and preserve maximal amount of cells, the vial was stored in the -80 ℃ freezer

overnight and placed in liquid nitrogen tank afterwards for long term storage.

3.3 Tumour cell preparation for TCIPA experiments

Cells (A549, HT1080, HT29) were prepared for TCIPA experiments once they were

approximately 70%-80% confluent. After media was removed, 3 mL of

DPBS-EDTA (7 mM) was added to the flask and aspirated. Afterwards, 7 mL of

DPBS-EDTA was added again, and the flask was placed into the incubator until

cells were detached (approximately 4-5 minutes). Detached cells were then

collected, transferred into a 50 mL-Falcon tube, and centrifuged at 300 xg for 5

minutes. The supernatant was removed, and the pellet was washed in 10 mL

Tyrode’s buffer, and centrifuged once again to pellet the cells. Next, the cells were

resuspended in 1 mL Tyrode’s buffer, and their concentration was calculated using a

Beckman Coulter Z1 Particle Counter (Beckman Coulter Life Sciences, Labplan,

Ireland) or a haemocytometer.

Prior to their use for TCIPA, Trypan Blue (1:10) was used to confirm cell viability.

Only cells in the centre square and in the large four corners were counted. The result

of the final average cell number in 1mL was calculated by dividing the number of

squares (5) and multiplying by the dilution factor (0.1) and the volume of

haemocytometer (104). Cells were adjusted to the desired concentrations to be tested

and placed on ice. Note that at least three different passages number from each cell

line were tested using different blood donors.

3.4 Blood preparation

Approval for this study was obtained from the school of Pharmacy and

Pharmaceutical Sciences Research Ethics Committee (2015-06-01MS). Following

informed consent, blood was withdrawn from healthy volunteers who had not been

on any medication known to interfere with platelet function for at least two weeks
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prior to the study. Whole blood was collected using a 22G needle connected to a

syringe and carefully added and mixed with 3.15% sodium citrate (9:1) in a falcon

tube.

Prostacyclin I2 (PGI2) (3 μL from a stock of 1mg/mL) was then added and mixed

slowly again to avoid platelet activation during centrifugation. Three layers (PRP:

Platelet-rich Plasma; WBC: White Blood Cells; RBC: Red Blood Cells) were

obtained after centrifuging the tube at 250 xg, for 20 minutes at room temperature.

Afterwards, washed platelets were prepared following Radomski’s method

(Radomski and Moncada, 1983). PRP was taken carefully to prevent contamination

with WBC and/or RBC and transferred slowly into a clean 50mL Falcon and to

avoid platelet activation, 0.3 μL of PGI2/mL of PRP added, carefully mixed and

centrifuged at 900 xg, for 10 minutes. After centrifugation, platelet-poor plasma

(PPP) was collected and the platelet pellet was washed and resuspended in Tyrode’s

buffer, and transferred into a new Falcon tube.

The concentration of washed platelets in solution was measured using the Coulter

Counter and adjusted to a physiological final concentration of 2.5*108/mL.

3.5 Light transmission aggregometry

3.5.1 Working principle

A PAP-8 Platelet Aggregation Profiler (Biodata Corporation, Ireland) was used for

testing platelet function and TCIPA during this project. The instrument calculates

the aggregation in percentage for each sample measuring changes in light

transmission of a stirred platelet suspension in a cuvette after the addition of a

platelet agonist (in this particular case, collagen or tumour cells were used) that

induces platelet aggregation. Before addition, the platelet suspension is cloudy and

allows relatively little light to pass through. Upon the addition of the agonist,

platelets aggregate and absorb less light, so the transmission increases gradually and

it is detected by the photocell and calculated as the percentage of aggregation by the
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device. The type of agonists determines the maximum amount of the percentage of

change in light transmission. The lag phase refers to the period of time since cancer

cells, or other pro-aggregatory agents are added to the cuvette until platelet

aggregation starts. It is considered as another significant parameter indicating the

ability of agonists to induce platelet aggregation (Cattaneo et al., 2006).

3.5.2 Experimental procedures

(1) Blood platelets were prepared, as indicated in section 3.4. Prior to TCIPA

experiments, a platelet sample was maintained under stirring in the aggregometer to

ensure that the isolation was performed properly and that they did not spontaneously

aggregate. In addition and, to confirm that platelets retained their physiological

function after isolation, their ability to aggregate in the presence of collagen

(Chronolog, Labmedics, UK; stored at 4 ℃) at 2 μg/mL was also examined.

(2) The ability of A549, HT1080 and HT29 cell lines to induce platelet aggregation

(TCIPA) was then investigated, adding a wide range of cell concentrations (1,000;

5,000; 10,000; 20,000; and 50,000 cells/mL) to a constant concentration of platelets

(2.5*108 platelets/mL) after 2 minutes under stirring in the aggregometer.

(3) Once the optimal concentration of cells for every cell line was determined, the

potential ability of the novel compounds to inhibit TCIPA was carried out with at

least three different blood donors. For this purpose, platelets were incubated with

the compounds at various concentrations (50 μM, 125 μM, 250 μM, 500 μM and 1

mM) for 5 minutes before the addition of a constant concentration of cancer cells

and their effect measured for a maximum of 40 minutes.

(4) Those compounds display a high affinity binding for the histamine receptor and

platelet aggregation induced by histamine involve TXA2 generation. Therefore, their

effect on TCIPA at the highest concentration tested was also compared to that of the

COX-inhibitor aspirin at the same concentration and under the same conditions.

Note that previous published studied have confirmed that more than 0.25% of



34

DMSO also can inhibit platelet functions (Medina et al., 2012). Consequently, the

maximum volume of drugs used was 2 μL to avoid the potential inhibitory effect of

DMSO and tested to confirm that it did not affect platelet function.

3.6 Optical microscopy

To corroborate the effect of the different cell lines and the compounds tested on

TCIPA, samples were fixed after aggregometry experiments using a final

concentration of 2% paraformaldehyde (PFA) solution and kept at 37 ℃ for 30

minutes. Afterwards, 150-200 μL from each sample were taken and mounted on

slides using a CytoSpin 4 centrifuge (Thermo Shandon, Fisher Scientific, Ireland) at

1500-2000 rpm for 10 minutes. Slides were examined with an Olympus BX51M

microscope (Mason Technology, Ireland) using X5/X10/X50 objectives.

Photomicrographs were captured using a digital camera attached to the microscope.

3.7 MMP-2 and MMP-9 activity

Platelet aggregation should result in the release of gelatinases. The release of

MMP-2 from platelets is associated with the activation of GPIIb/IIIa receptor

expressed on the surface of platelets and MMP-9 attenuates the pro-aggregatory

activity of MMP-2. On the other hand, cancer cells also produce and release MMPs.

To investigate the release of MMP-2 and MMP-9 during TCIPA, the gelatinases

activity from the resultant interaction was investigated by gelatine zymography.

3.7.1 TCIPA sample collection

After TCIPA samples were collected from the LTA and transferred into eppendorfs

on ice and centrifuged at 13,000 rpm for 10 minutes at 4 ℃.Supernatants were

collected into new Eppendorf tubes and both pellets and supernatants preserved at

-80 ℃ until further use.
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3.7.2 Principles of zymography

Zymography is a highly sensitive and low-cost technique for the detection and

quantification of the enzymatic activity of proteins. Gelatine zymography is

specifically used for investigating the enzymatic activity of MMP-2 and MMP-9.

Using this method, samples are analysed by electrophoresis on SDS-PAGE

co-polymerized with gelatine where the gelatinolytic activity is detected as

transparent bands against a background of Coomassie brilliant blue-stained gelatine

(Medina et al., 2003).

During electrophoresis, as a non-ionic detergent, SDS can reversibly bind to MMPs

of sample suspension. The hydrogen bonds and hydrophobic bonds are destroyed,

resulting in that MMPs temporarily lose their ability to digest gelatine. When the gel

is later placed in Triton buffer, MMPs activity is recovered due to the combination

of SDS and Triton. The purpose of the incubation process is that the enzyme can

degrade the substrate (in this particular case, gelatine) because the zymography

buffer contains zinc and calcium ions. After staining, two negative dye bands appear

in the digestion zone against a dark background if MMP-2 and MMP-9 activity are

present. The intensity and width of the band can be used to quantify the activity of

metalloproteinases using a Biorad Gel Doc System (Brennan and Company, Ireland).

HT1080 stimulated with PMA is known to release MMP-2 and MMP-9, and it is

widely used as the positive control.

3.7.3 Gel preparation

In this project, zymography was carried out using 1% SDS-acrylamide gels with

0.2% (w/v) gelatine to detect the activity of MMPs released by tumour cell-platelet

aggregates (Figure 39).

Glass plates and spacers were cleaned by spraying ethanol and assembled onto the

plastic holders. Separating gel was allowed to polymerised for approximately 20-30

minutes. A small amount of the gel mixture was retained in the test tube to be used
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as an indicator of gel solidification. Then the stacking gel was prepared and mixed

well and added from the top of the glass plate. Finally 10-well combs were inserted

to avoid the formation of bubbles. Once polymerized, gels were wrapped in wet

tissue and cling film and stored at 4 ℃ until use.

3.7.4 Principles and methodology of Bradford

Bradford assay is a dye-binding assay in which a colour change of a dye occurs in

response to various concentration of protein. It is involved in the addition of an

acidic dye to the protein solution and supernatant and subsequent measurement

(absorbance) at 595 nm with a microplate reader. Further comparison to a standard

curve of a series of dilutions of bovine serum albumin (BSA) provides a relative

measurement of protein concentration in each sample.

Blank solution (dye and ddH2O), and a series of Bovine Serum Albumin were

prepared, as standards: 400 μg/mL, 200 μg/mL, 100 μg/mL, 50 μg/mL, 25 μg/mL,

and 0 μg/mL. Meanwhile, the dye reagent was prepared by diluting 1 part dye

reagent (Biorad, Brennan and Company, Ireland) and 4 parts of distilled deionized

water (ddH2O). Blanks, standards and samples were then loaded into a 96-well plate

by duplicate (10 μL each well) along with 200 μL of diluted dye. Then the 96-well

plate was placed the plate reader for measuring the absorbance per well at 595 nm.

By the standard curve drawn using Excel, the concentrations of proteins in each

samples were obtained. The sample which had the lowest concentration was taken

as the maximum volume to be loaded, and the exact volume of other samples which

were required to be loaded was calculated based on the concentration of protein

obtained. Afterwards, ddH2O was added to adjust the final volume of each sample.

3.7.5 Methodology of zymography

Prepared gels were taken out from the fridge. Plates were assembled into the

electrophoresis clamp, and the inner chamber was filled with diluted 1X tank buffer.

The electrophoresis box was placed into a bucket filled with ice to avoid
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degradation of MMPs during the process. The exact volumes of protein and ddH2O

were calculated (section 3.7.4) and the samples loaded. The positive control

(HT1080 PMA stimulated samples) was always loaded in the first well. The

electrophoresis box was run at 150 V for approximately 2 hours. Meanwhile, 2.5%

Triton Buffer was made and stirred magnetically into solution. Once the

electrophoresis has finished, gels were taken out from the glass plates and the

stacking portion was removed. The gels were put into a glass tray, washed 3 times

for 20 minutes in 2.5% Triton Buffer, and washed 2 times for 20 minutes in

zymography buffer. The glass tray was refreshed with zymography buffer and

sealed with cling film which was punched to create several holes and incubated in

the water bath at 37 ℃. The appearance of genatinolytic activity was checked every

day. Gels were rocked in staining solution (Brilliant Blue-G, methanol, acetic acid)

for 3 hours to get a dark background, followed by destaining process until the bands

were clear and visible.

3.7.6 Determination of MMP-2 and MMP-9

Quantify One ChemiDoc software (Biorad) can be used to quantify the intensity of

the MMP bands. By referring to the molecular weight of the reference protein ladder,

the different MMP bands can be identified and labelled. The molecular weights of

MMP-2 and MMP-9 are 72KDa and 92KDa.

After staining, gels were scanned to get images of zymograms with good quality.

“White Epi Light” was selected to focus on the gel in the right position.

Subsequently, “UV Trans Light” was selected to visualize the bands. Once the

pictures were captured by the software, the “Transform” function in the software

tool was used to adjust the background and identified the bands as clearly as

possible. The last step was the quantification process as the bands of interest can be

detected and quantified as intensity/mm.
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3.8 Statistical analysis

Data was obtained from experiments carried out with at least three different blood

donors (N≥3) and using at least three different cell passage numbers for each of the

cancer cell lines.

Data was analysed using GraphPad Prism 5 software (GraphPad Software,

LaJolla.CA, USA) by t-student, one-way ANOVA, and Tukey multiple comparisons

as appropriate. The results were shown as mean ± SEM. Statistical significance was

considered at P<0.05.

4. Results

4.1 Effects of APK, BK9C, and BK9D on collagen-induced

platelet aggregation measured by Light Transmission

Aggregometry (LTA)

Previous work carried out in our laboratory by Nadhim Kamil Hante demonstrated

that three imidazoline derivatives (APK, BK9C and BK9D) developed by Prof

Isabel Rozas’ group that displayed a high affinity binding for the histamine receptor,

were able to inhibit platelet aggregation induced by collagen. A summary of

Nadhim’s previous findings on platelet aggregation are shown below in Figures

5-7.
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Figure 5. Effect of 2-amino imidazoline derivatives on platelet aggregation

induced by collagen. (A) Representative LTA traces showing the effect of the

different compounds on platelet aggregation induced by collagen (4 μg/mL).

Coloured lines represent the percentages of aggregation of the compounds tested at

various concentrations. The red lines correspond to the effect of collagen in the

absence of the compounds. (B) Statistical analysis. Data is presented as Mean±SD

(N≥ 3). One-way ANOVA; Dunnett’s post test.*P<0.05; ***P<0.001 vs control

(vehicle).

Those results were further confirmed by flow cytometry (Figure 6) and by optical

microscopy (Figure 7 and Appendix 1)

Figure 6. Representative plots from the analysis of PAC-1 expression with APK

BK9C and BK9D (1mM and 500uM) on platelets by flow cytometry. Q2-LL

represents inactivated platelets population. Q2-LR represents activated platelets

population.
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Figure 7. Optical microscopy. Representative micrographs adapted from resting

platelets and platelets stimulated with collagen in the absence or presence of the

compounds (1 mM). Large aggregates are shown in black and scale bar corresponds

to 200 μm.

4.2 Tumour Cell Induced Platelet Aggregation (TCIPA)

Having demonstrated that APK, BK9C and BK9D could inhibit platelet aggregation

induced by collagen at different concentrations, the next step and main aim of the

present work was to investigate if those compounds could exert any effect on

TCIPA.

For this purpose, firstly, the ability of three cancer cell lines from different origins

(lung: A549; fibroblasts: HT1080 and colon: HT29) to induce platelet aggregation

was investigated by LTA.

4.2.1 Effects of lung carcinoma cells on platelet aggregation

A549 cells were able to induce platelet aggregation at all concentrations tested. As

expected, the lag phase decreased when the concentration of cells was increased as

shown in Figure 8 (aggregometer traces) and Figure 9 (statistical analysis).
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Figure 8. Induction of TCIPA by A549 cells in Light Transmission

Aggregometry (LTA): Representative traces from LTA demonstrating the ability of

cancer cells to induce platelet aggregation at 1,000; 2,000; 4,000; and 10,000

cells/mL.

Figure 9. Induction of TCIPAbyA549 cells in statistical analysis.

(A) A549 cells induced platelet aggregation at all concentrations tested. (B) The lag

phase decreased with the addition of cancer cells in a concentration dependent

manner. Bars represent mean ± SEM. One-way analysis of variance (ANOVA),

Tukey post-test (N = 9). For this cell line, the lowest cell concentration tested

(1,000/mL) that induced a lag phase of 13.6±0.63 minutes was chosen to be used in

the next set of experiments where the effect of the compounds on TCIPA was

investigated.

1__1,000/mL
2__2,000/mL

3__4,000/mL
4__10,000/mL
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As the different concentrations (1,000; 2,000; 4,000; and 10,000 cells/mL) tested for

the A549 cell line, did not shown significant differences in terms of aggregation and

duration in the lag phase (Figure 9) 1000 cells/mL of A549 were used to induce

platelet aggregation when testing the effect of the compounds on TCIPA.

4.2.2 Effects of fibrosarcoma cells on platelet aggregation

HT1080 cells were also able to induced platelet aggregation at all concentrations

tested. As expected, the lag phase decreased when the concentration of cells was

increased as shown in Figures 10 (aggregometer traces) and Figure 11 (statistical

analysis).

Figure 10. Induction of TCIPA by HT1080 cells in Light Transmission

Aggregometry (LTA): Representative traces from LTA demonstrating the ability of

cancer cells to induce platelet aggregation at 1,000; 5,000; 10,000; 20,000 and

50,000 cells/mL.

1__1,000/mL
2__5,000/mL

3__10,000/mL
4__20,000/mL
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Figure 11. Induction of TCIPAby HT1080 cells (LTA) in statistical analysis.

(A) HT1080 cells induced platelet aggregation at all concentrations tested. (B) The

lag phase decreased with the addition of cancer cells. Bars represent mean ± SEM.

One-way analysis of variance (ANOVA), Tukey post-test (N = 5).

A high variability in relation to the time to induce platelet aggregation at lower

concentrations (lag phase) was found. Besides, the higher percentage of aggregation

Therefore, based on previous studies using the same cell line for studying the effect

of drugs in TCIPA (Medina et al., 2012), 20,000/mL of HT1080 cells was selected

as the optimal concentration to investigate the effect of APK, BK9C and BK9D on

TCIPA.

4.2.3 Effects of colon adenocarcinoma cells on platelet aggregation

Although HT29 cells induced platelet aggregation at all concentrations tested

Figure 12 (aggregometer traces), there was a big variability in the lag phase as

shown in Figure 13 (statistical analysis).
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Figure 12. Induction of TCIPA by HT29 cells in Light Transmission

Aggregometry (LTA): Representative traces from LTA demonstrating the ability of

cancer cells to induce platelet aggregation at 1,000; 5,000; 10,000; 20,000 and

50,000 cells/mL.

Figure 13. Induction of TCIPA by HT29 cells in statistical analysis. (A) HT29

cells induced platelet aggregation at all concentrations tested. (B) The lag phase

decreased with the addition of cancer cells. Bars represent mean ± SEM. One-way

analysis of variance (ANOVA), Tukey post-test (N = 6).

In this case, the number of cells chosen for testing the effect of the compounds on

TCIPA was 10,000/mL as it has been previously documented that platelets would

lose their function after long time in vitro (Cattaneo et al., 2006).

1__1,000/mL
2__5,000/mL

3__10,000/mL
4__20,000/mL
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4.3 Effects of APK, BK9C, and BK9D on TCIPA

Once the optimum concentrations of these three cancer cells for inducing TCIPA

(A549 cells: 1,000/mL, HT1080 cells: 20,000/mL, HT29 cells: 10,000/mL) were

chosen. They were then used for testing the effect of the three novel 2-amino

imidazoline derivatives on TCIPA. The three compounds consistently attenuated

TCIPA at the concentration of 500 μM and 1 mM for all three cell lines, as indicated

by traces of LTA and images obtained by optical microscopy (Appendix 2). Only

250 μM of BK9D inhibited platelet aggregation induced by A549 cells and HT29

cells.

4.3.1 Effect of APK, BK9C, and BK9D on platelet aggregation induced by A549

4.3.1.1 Effect of APK

APK significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 14

(aggregometer traces) and Figure 15 (statistical analysis).

Figure 14. Effect of APK on TCIPA induced by A549 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of APK on TCIPA induced by A549 (1,000 cells/mL) at

various concentrations.

1__Control
2__1 mMAPK

3__500 μMAPK
4__250 μMAPK
5__125 μMAPK
6__50 μMAPK
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Figure 15. Pharmacological effect of APK on TCIPA induced by A549 cells.

(A) TCIPA induced by A549 cells (1,000 cells/mL) was significantly inhibited by

APK at 500 μM and 1 mM. (B) The lag phase induced by A549 cells increased with

the addition of APK in a concentration-dependent manner. Bars represent mean ±

SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=5); ***P<0.001

vs control (1,000 cells/mL added to platelets).

4.3.1.2 Effect of BK9C

BK9C significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 16

(aggregometer traces) and Figure 17 (statistical analysis).

Figure 16. Effect of BK9C on TCIPA induced by A549 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of BK9C on TCIPA induced by A549 (1,000 cells/mL) at

1__Control
2__1 mM BK9C

3__500 μM BK9C
4__250 μM BK9C
5__125 μM BK9C
6__50 μM BK9C
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various concentrations.

Figure 17. Pharmacological effect of BK9C on TCIPA induced by A549 cells.

(A) TCIPA induced by A549 cells (1,000 cells/mL) was significantly inhibited by

BK9C at 500 μM and 1 mM. (B) The lag phase induced by A549 cells also

increased with the addition of BK9C at the same concentrations. Bars represent

mean ± SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=5);

***P<0.001 vs control (1,000 cells/mL added to platelets).

4.3.1.3 Effect of BK9D

BK9D significantly inhibited TCIPA at 250 μM, 500 μM and 1 mM, as shown in

Figure 18 (aggregometer traces) and Figure 19 (statistical analysis).

Figure 18. Effect of BK9D on TCIPA induced by A549 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

1__Control
2__1 mM BK9D

3__500 μM BK9D
4__250 μM BK9D
5__125 μM BK9D
6__50 μM BK9D
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demonstrating the effect of BK9C on TCIPA induced by A549 (1,000 cells/mL) at

various concentrations.

Figure 19. Pharmacological effect of BK9D on TCIPA induced by A549 cells.

(A) TCIPA induced by A549 cells (1,000 cells/mL) was significantly inhibited by

BK9D at 250 μM, 500 μM and 1 mM. (B) The lag phase induced by A549 cells also

increased with the addition of BK9D in a concentration-dependent manner. Bars

represent mean ± SEM. One-way analysis of variance (ANOVA), Tukey post-test

(N=6); ***P<0.001 vs control (1,000 cells/mL added to platelets).

4.3.2 Effect of APK, BK9C, and BK9D on platelet aggregation induced by

HT1080

4.3.2.1 Effect of APK

APK significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 20

(aggregometer traces) and Figure 21 (statistical analysis).
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Figure 20. Effect of APK on TCIPA induced by HT1080 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of APK on TCIPA induced by HT1080 (20,000 cells/mL) at

various concentrations.

Figure 21. Pharmacological effect of APK on TCIPA induced by HT1080 cells.

(A) TCIPA induced by HT1080 cells (20,000 cells/mL) is significantly inhibited by

APK at 500 μM and 1 mM. (B) The lag phase induced by HT1080 cells increased

with the addition of APK at 500 μM and 1 mM. Bars represent mean ± SEM.

One-way analysis of variance (ANOVA), Tukey post-test (N=6); ***P<0.001 vs

control (20,000 cells/mL added to platelets).

4.3.2.2 Effect of BK9C

BK9C significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 22

(aggregometer traces) and Figure 23 (statistical analysis).

1__Control
2__1 mMAPK

3__500 μMAPK
4__250 μMAPK
5__125 μMAPK
6__50 μMAPK
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Figure 22. Effect of BK9C on TCIPA induced by HT1080 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of BK9C on TCIPA induced by HT1080 (20,000 cells/mL)

at various concentrations.

Figure 23. Pharmacological effect of BK9C on TCIPA induced by HT1080 cells.

(A) TCIPA induced by HT1080 cells (20,000 cells/mL) was significantly inhibited

by BK9C at 500 μM and 1 mM. (B) The lag phase induced by HT1080 cells

increased with the addition of BK9C at 500 μM and 1 mM. Bars represent mean ±

SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=6); ***P<0.001

vs control (20,000 cells/mL added to platelets).

4.3.2.3 Effect of BK9D

BK9D significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 24

(aggregometer traces) and Figure 25 (statistical analysis).

1__Control
2__1 mM BK9C

3__500 μM BK9C
4__250 μM BK9C
5__125 μM BK9C
6__50 μM BK9C
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Figure 24. Effect of BK9D on TCIPA induced by HT1080 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of BK9D on TCIPA induced by HT1080 (20,000 cells/mL).

Figure 25. Pharmacological effect of BK9D on TCIPA induced by HT1080 cells.

(A) TCIPA induced by HT1080 cells (20,000 cells/mL) was significantly inhibited

by BK9D at 500 μM and 1 mM. (B) The lag phase induced by HT1080 cells

increased with the addition of BK9D at 500 μM and 1 mM. Bars represent mean ±

SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=6); ***P<0.001

vs control (20,000 cells/mL added to platelets).

1__Control
2__1 mM BK9D

3__500 μM BK9D
4__250 μM BK9D
5__125 μM BK9D
6__50 μM BK9D
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4.3.3 Effects of APK, BK9C and BK9D on platelet aggregation induced by

HT29

4.3.3.1 Effect of APK

APK significantly inhibited TCIPA at 500 μM and 1 mM, as shown in Figure 26

(aggregometer traces) and Figure 27 (statistical analysis).

Figure 26. Effect of APK on TCIPA induced by HT29 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of APK on TCIPA induced by HT29 (10,000 cells/mL) at

various concentrations.

Figure 27. Pharmacological effect of APK on TCIPA induced by HT29 cells.

(A) TCIPA induced by HT29 cells (10,000 cells/mL) was significantly inhibited by

APK at 500 μM and 1 mM. (B) The lag phase induced by HT29 cells increased with

1__Control
2__1 mMAPK

3__500 μMAPK
4__250 μMAPK
5__125 μMAPK
6__50 μMAPK
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the addition of APK at 500 μM and 1 mM. Bars represent mean ± SEM. One-way

analysis of variance (ANOVA), Tukey post-test (N=4); ***P<0.001 vs control

(10,000 cells/mL added to platelets).

4.3.3.2 Effect of BK9C

BK9C significantly inhibited TCIPA at 500uM and 1mM, as shown in Figure 28

(aggregometer traces) and Figure 29 (statistical analysis).

Figure 28. Effect of BK9C on TCIPA induced by HT29 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of BK9C on TCIPA induced by HT29 (10,000 cells/mL) at

various concentrations.

Figure 29. Pharmacological effect of BK9C on TCIPA induced by HT29 cells.

(A) TCIPA induced by HT29 cells (10,000 cells/mL) was significantly inhibited by

BK9C at 500 μM and 1 mM. (B) The lag phase induced by HT29 cells increased

1__Control
2__1 mM BK9C

3__500 μM BK9C
4__250 μM BK9C
5__125 μM BK9C
6__50 μM BK9C
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with the addition of BK9C at 500 μM and 1 mM. Bars represent mean ± SEM.

One-way analysis of variance (ANOVA), Tukey post-test (N=3); ***P<0.001 vs

control (10,000 cells/mL added to platelets).

4.3.3.3 Effect of BK9D

BK9D significantly inhibited TCIPA at 250 μM, 500 μM and 1 mM, as shown in

Figure 30 (aggregometer traces) and Figure 31 (statistical analysis).

Figure 30. Effect of BK9D on TCIPA induced by HT29 cells in Light

Transmission Aggregometry (LTA): Representative traces from LTA

demonstrating the effect of BK9D on TCIPA induced by HT29 (10,000 cells/mL) at

various concentrations.

Figure 31. Pharmacological effect of BK9D on TCIPA induced by HT29 cells.

(A) TCIPA induced by HT29 cells (10,000 cells/mL) was significantly inhibited by

BK9D at 250 μM, 500 μM and 1 mM. (B) The lag phase induced by HT29 cells

1__Control
2__1 mM BK9D

3__500 μM BK9D
4__250 μM BK9D
5__125 μM BK9D

6__50 μM BK9D
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increased with the addition of BK9D at 500 μM and 1 mM. Bars represent mean ±

SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=5); *P<0.05;

**P<0.01; ***P<0.001 vs control (10,000 cells/mL added to platelets).

4.4 Optical microscopy

A series of experiments performed were corroborated by images from optical

microscopy. The effect of A549, HT1080 and HT29 on platelet function observed

by LTA in the absence and presence of the compounds at all concentrations was

tested (Appendix 2). A representative composition showing the effect of the cells of

platelet aggregation (TCIPA) for the three cells lines and the inhibitory effect of

APK, BK9C and BK9D on TCIPA is shown in Figure 32 (X5 Objective).

(A) A549 TCIPA

No Drug 1 mMAPK 1 mM BK9C 1 mM BK9D

(B) HT1080 TCIPA

No Drug 1 mMAPK 1 mM BK9C 1 mM BK9D
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(C) HT29 TCIPA

No Drug 1 mMAPK 1 mM BK9C 1 mM BK9D

Figure 32. Optical microscopy. Representative micrographs adapted after TCIPA

induced by (A) A549 (B) HT1080 and (C) HT29 in absence or presence of the

compounds at 1 mM. Large aggregates are shown in black and scale bar

corresponds to 200 µm.

4.5 Effect of APK, BK9C, BK9D versus Aspirin on TCIPA

As highlighted previously, those compounds have a high affinity binding for the

histamine receptor and the effect of histamine involves thromboxane (TXA2)

generation (Omini and Pasargiklian, 1979). In addition, the potential role of aspirin

in cancer has been also widely investigated and discussed in the literature (Rothwell

et al., 2010) (Mitrugno et al., 2018) (Patrignani and Patrono, 2018). Therefore, in

this set of experiments, the ability of APK, BK9C and BK9D to inhibit TCIPA was

investigated in parallel with the effect of aspirin, a classical antiplatelet agent that

acts decreasing TXA2 generation through inactivation of the cyclooxygenase

enzyme. Prior to TCIPA experiments, the ability of aspirin to inhibit platelet

aggregation induced by collagen was confirmed for all the blood donors. Platelets

from at least three donors whose platelets responded to 1mM aspirin in the presence

of 2ug/mL of collagen were further investigated during TCIPA experiments for

comparison purposes. Aspirin at 1 mM did not inhibit TCIPA for any of the three

cell lines tested. However, APK, BK9C, and BK9D at the same concentration, exert

a significant inhibition on TCIPA induced by A549, HT1080, HT29 cell lines.
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4.5.1 Effect of Aspirin and APK, BK9C and BK9D on TCIPA byA549

Although aspirin inhibited platelet aggregation induced by collagen as shown in

Figure 33 [(A) aggregometer trace and (B) statistical analysis], it did not exert any

effect on TCIPA induced by A549. However, APK, BK9C, and BK9D at the same

concentration, exerted a significant inhibition on TCIPA induced by A549 Figure 34

[(A) aggregometer trace and (B) statistical analysis].

Figure 33. Effect of Aspirin on collagen-induced platelet aggregation. (A)

Representative traces from LTA showing that collagen-induced platelet aggregation

is completely inhibited by aspirin at 1 mM and (B) Statistical analysis. Bars

represent as Mean ± SEM. t-student (N=3); ***P<0.001.

1__Control
2__1 mMAspirin

1__Control
2__1 mMAspirin

3__1 mMAPK
4__1 mM BK9C
5__1 mM BK9D

(A)

(A)
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Figure 34. Pharmacological inhibition of A549-induced platelet aggregation. (A)

Representative traces from LTA demonstrating the effect of aspirin, APK, BK9C

and BK9D on TCIPA induced by A549 (1,000 cells/mL). (B) TCIPA induced by

A549 cells (1,000 cells/mL) is significantly inhibited by APK, BK9C and BK9D 1

mM. (C) The lag phase induced by A549 cells also increased significantly with the

addition of the novel compounds but not by aspirin 1 mM. Bars represent mean ±

SEM. One-way analysis of variance (ANOVA), Tukey post-test (N=3); **P<0.01;

***P<0.001 vs control (1,000 cells/mL added to platelets).

4.5.2 Effect of Aspirin andAPK, BK9C and BK9D on TCIPAby HT1080

Although aspirin inhibited platelet aggregation induced by collagen as shown in

Figure 35 [(A) aggregometer trace and (B) statistical analysis] it did not exert any

effect on TCIPA induced by HT1080. However, APK, BK9C, and BK9D, at the

same concentration, exerted a significant inhibition on TCIPA induced by HT1080

Figure 36 [(A) aggregometer trace and (B) (C) statistical analysis].
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Figure 35. Effect of Aspirin on collagen-induced platelet aggregation. (A)

Representative traces from LTA and (B) Statistical analysis. Bars represent as Mean

± SEM. t-student (N=4); ***P<0.001.

Figure 36. Pharmacological inhibition of HT1080-induced platelet aggregation.

(A) Representative traces from LTA demonstrating the effect of aspirin, APK, BK9C

1__Control
2__1 mMAspirin

1__Control
2__1 mMAspirin

3__1 mMAPK
4__1 mM BK9C
5__1 mM BK9D

(A)

(A)
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and BK9D on TCIPA induced by HT1080 (20,000 cells/mL).

(B) TCIPA induced by HT1080 cells (20,000 cells/mL) is significantly inhibited by

APK, BK9C and BK9D 1 mM. (C) The lag phase induced by HT1080 cells also

increased with the addition of the novel compounds but not by aspirin 1mM. Bars

represent mean ± SEM. One-way analysis of variance (ANOVA), Tukey post-test

(N=3); ***P<0.001 vs control (20,000 cells/mL added to platelets).

4.5.3 Effect of Aspirin andAPK, BK9C and BK9D on TCIPAby HT29

Although aspirin inhibited platelet aggregation induced by collagen as shown in

Figure 37 [(A) aggregometer trace and (B) statistical analysis] it did not exert any

effect on TCIPA induced by HT29. However, APK, BK9C, and BK9D, at the same

concentration, exerted a significant inhibition on TCIPA induced by HT29 Figure

38 [(A) aggregometer trace and (B) (C) statistical analysis].

Figure 37. Effect of Aspirin on collagen-induced platelet aggregation. (A)

Representative traces from LTA and (B) Statistical analysis. Bars represent as Mean

± SEM. t-student (N=4); ***P<0.001.

1__Control
2__1 mMAspirin

(A)
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Figure 38. Pharmacological inhibition of HT29-induced platelet aggregation.

(A) Representative traces from LTA demonstrating the effect of aspirin, APK, BK9C

and BK9D on TCIPA induced by HT29 (10,000 cells/mL). (B) TCIPA induced by

HT29 cells (10,000 cells/mL) is significantly inhibited by APK, BK9C and BK9D 1

mM. (C) The lag phase induced by HT29 cells also increased with the addition of

the novel compounds but not by aspirin 1 mM. Bars represent mean ± SEM.

One-way analysis of variance (ANOVA), Tukey post-test (N=3); ***P<0.001 vs

control (10,000 cells/mL added to platelets).

1__Control
2__1 mMAspirin

3__1 mMAPK
4__1 mM BK9C
5__1 mM BK9D

(A)
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4.6 MMP-2 activity in tumour-cell-platelet aggregates

To investigate the potential role of APK, BK9C, and BK9D on MMP-2 and MMP-9

during TCIPA, their enzymatic activity was assayed by gelatin zymography on

samples collected after TCIPA with HT1080 cells. HT1080 cells are known to

release both gelatinases in the presence of Phorbol 12-myristate 13-acetate (PMA).

Therefore, HT1080 incubated with PMA was used as positive control. Although

TCIPA was significantly prevented in the presence of 500 μM and 1 mM of APK,

BK9C and BK9D, as demonstrated in section 4.3, the release of both gelatinases

from platelets and tumour cells was not modified in the presence of those

compounds. Representative zymograms obtained from samples from one of the

blood donors after TCIPA (supernatant) induced by HT1080 in the presence and

absence of the three drugs are shown in Figure 39. The quantification of the bands

was not possible due to technical problems related to the Gel Documentation

System.
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Figure 39. Representative stained zymograms indicating the release of

gelatinases during HT1080-induced platelet aggregation in the presence or

absence of APK, BK9C, and BK9D.

Gel (A): Lane 1, Positive control. Lane 3, platelet-HT1080 cell aggregates

suspension without drug (control). Lane 4, platelet-HT1080 cell aggregates

suspension in the presence of 1 mM of APK. Lane 5, platelet-HT1080 cell

aggregates suspension with 500 μM of APK. Lane 6, platelet-HT1080 cell

aggregates suspension with 250 μM of APK. Lane 7, platelet-HT1080 cell

aggregates suspension with 125 μM of APK. Lane 8, platelet-HT1080 cell

aggregates suspension with 50 μM of APK.
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Gel (B): Lane 1, Positive control. Lane 3, platelet-HT1080 cell aggregates

suspension without drug (positive control). Lane 4, platelet-HT1080 cell aggregates

suspension with 1 mM of BK9C. Lane 5, platelet-HT1080 cell aggregates

suspension with 500 μM of BK9C. Lane 6, platelet-HT1080 cell aggregates

suspension with 250 μM of BK9C. Lane 7, platelet-HT1080 cell aggregates

suspension with 125 μM of BK9C. Lane 8, platelet-HT1080 cell aggregates

suspension with 50 μM of BK9C.

Gel (C): Lane 1, Positive control. Lane 3, platelet-HT1080 cell aggregates

suspension without drug (positive control). Lane 4, platelet-HT1080 cell aggregates

suspension with 1 mM of BK9D. Lane 5, platelet-HT1080 cell aggregates

suspension with 500 μM of BK9D. Lane 6, platelet-HT1080 cell aggregates

suspension with 250 μM of BK9D. Lane 7, platelet-HT1080 cell aggregates

suspension with 125 μM of BK9D. Lane 8, platelet-HT1080 cell aggregates

suspension with 50 μM of BK9D.
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5. Discussion and conclusions

5.1 Evidence that justify the investigation of 2-amino imidazoline derivatives

on this project

Platelets adhere to matrix molecules revealed after vascular injury, becoming

activated by the effect of endogenous physiological agonists through complicated

signalling pathways to induce platelet aggregation and prevent blood loss. Collagen

binds to GPVI and alpha2beta1 receptors, facilitating platelet activation and platelet

aggregation through ‘inside-out’ signalling. In fact, collagen has an important role in

supporting platelet adhesion and completing platelet activation (Bijak, Dziedzic and

Saluk-Bijak, 2018). Collagen is very often used as the agonist of choice to induce

platelet aggregation in vitro to (a) confirm the maintenance of platelet function after

isolation and (b) during pharmacological studies. Therefore, the first approach for

testing the effect of those novel compounds on TCIPA was based on their potential

inhibitory effect on collagen-induced platelet aggregation in platelet-rich plasma

(PRP) and washed platelets (WP). According to the results obtained by LTA (Figure

5) for those compounds, APK, BK9C, and BK9D had a significant inhibitory effect

on collagen induced platelet aggregation in PRP suspension from 250 μM to 1 mM,

and in WP from 125 μM to 1 mM for BK9C and from 50 μM to 1 mM for APK and

BK9D. Those results actually demonstrate a difference between the use of PRP and

WP suspension. Lower concentrations (50 μM and 125 μM) of the three drugs

exhibited no inhibition on platelet aggregation in PRP, suggesting that the

compounds can interact with some plasma proteins. Famotidine has been previously

showed to inhibited platelet aggregation (Nakamura K et al., 1999) and was used as

anti-H2 control drug due to its chemical structural similarities with the novel

compounds. Famotidine at 1mM did not inhibit platelet aggregation induced by

collagen (4 μg/mL) in PRP suspension. Those effects were further corroborated by

optical microscopy and flow cytometry that demonstrated that concentrations of 500

μM and 1 mM from the three imidazole derivatives were able to downregulate the
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expression of both GPIIb/IIIa and P-selectin receptors.

5.2 Anti-aggregating agents on TCIPA

Although the main role of platelets is linked to haemostasis and thrombosis, one of

the well-established role of platelets in non-haemostatic or thrombotic disorders, is

their participation in cancer invasion an metastasis (Gresele et al., 2017). There is

strong evidence that cancer cells have the ability to aggregate platelets through

surface receptors and signalling molecules, or direct contact (Meikle et al., 2017).

After being activated by cancer cells, platelets can also secret pro-aggregatory

agents such as ADP, TXA2 and MMP-2 (Jurasz, Alonso-Escolano and Radomski,

2004) contributing to platelet aggregation. Activated platelets express P-selectin on

the surface that can bind to cancer cells (Chen and Geng, 2006). Platelets can also

enhance the expression of TF by cancer cells, initiating the coagulation cascade and

influencing tumour metastasis and angiogenesis. On the other hand, TF leads to the

generation of thrombin that activates platelets and in turn, potentiates TCIPA

(Meikle et al., 2017). Numerous studies have demonstrated that TCIPA promotes

cancer growth and metastasis. In fact, the use of existing drugs or the development

of novel compounds to modulate this interaction has been of interest for many

years.

According to their mechanism of action, antiplatelet or anti-aggregating agents

available in the market can be classified as arachidonic acid-COX inhibitors, ADP

receptor antagonists (P2Y12), GPIIb/IIIa antagonists and PAR-1 antagonists. The

most common and widely used antiplatelet medication is the arachidonic acid-COX

inhibitor aspirin. Aspirin acetylates the hydroxyl group in the active site of the

cyclooxygenase enzyme (Vane and Botting, 2003) and inhibits in an irreversible

way the cyclooxygenase (COX) pathway and therefore TXA2 synthesis from

platelets, downregulating platelet aggregation (Medina et al., 2012) and preventing

thrombosis. Doses of aspirin determine its effect as COX-1 inhibitor or COX-2
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inhibitor (Schrör, 1997). Low-dose aspirin can significantly reduce the production

of TXA2 in platelets (COX-1 dependent production), but has no effect on the

synthesis of PGI2 in endothelial cells. However, aspirin at high-dose can inhibit the

activity of PGI2 synthase and reduce the synthesis of PGI2 (COX-2 dependent

production) in endothelial cells. PGI2 and TXA2 have opposite effects on platelets

and the decrease in PGI2 synthesis can lead to blood clotting and thrombosis.

Evidence for the role of platelets in cancer has been demonstrated in different

epidemiological studies and the use of aspirin to prevent and reduce tumour growth

and metastasis is discussed in many publications, specifically for colonic tumours

although not for many other types of cancer (Rothwell et al., 2010) (Mitrugno et al.,

2018) (Patrignani and Patrono, 2018). It has been documented that the

administration of aspirin can decrease the rate of CRC recurrence (Mc Menamin et

al., 2015) and cancer mortality (Rothwell et al., 2010). In fact, aspirin can decrease

the risk of metastasis and contribute to a better prognosis in non-advanced CRC

(Takahashi et al., 2017). However, there is not enough clinical data for its use

during cancer treatment (Wojtukiewicz et al., 2017). A recently published clinical

study suggests that anti-coagulant therapy combined with antiplatelet drugs, such as

aspirin, could prevent the thrombotic events in NSCLC after the patients received

chemotherapy (Ma et al., 2017). Additionally, although the use of lose-dose aspirin

for more than 5 years seems to decrease the risk of lung cancer in the general

population (Ye et al., 2019) , it has not shown any benefit in the survival of lung

cancer patients in a population-based research (Mc Menamin et al., 2015).

With regards to other antiplatelet drugs, irreversible ADP-receptor inhibitors

approved for the treatment of acute coronary syndrome such as Prasugrel and

Ticagrelor (Takahashi et al., 2017) have been also used in animal models to

investigate their potential role in the prevention of tumour growth and metastasis.

Although there is some clinical information about therapeutic strategies to reduce

the occurrence of thrombosis in people who suffer from cancer, the development of

new drugs that could modulate cancer cells-platelet interactions to attenuate tumour
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growth and metastasis may potentially improve the survival rates of those patients.

In this regard, apart from the use of anticoagulants and other antiplatelet agents such

as aspirin, the histamine-2 receptors expressed by platelets seem to be a potential

target for inhibiting TCIPA as histamine has been reported to enhance platelet

aggregation induced by physiological agonists (Nakamura K et al., 1999). Therefore,

the objectives of this in-vitro study was to determine whether any of the compounds

that belong to the novel group of 2-amino imidazoline derivatives, which showed a

high affinity to bind with histamine-2 receptor, could have a significant inhibitory

effect on Tumour Cell-Induced Platelet Aggregation.

5.3 Effect of 2-amino imidazoline derivatives on TCIPA induced by A549,

HT1080 and HT29 cells

The three cell lines during this study, A549, HT1080, and HT29 were demonstrated

to have the ability to aggregate platelets in vitro using LTA. These results were

further corroborated by the images obtained from optical microscopy. In accordance

with the present report, previous studies have also demonstrated that A549, HT1080

(Jurasz P et al., 2001), and HT29 (Radziwon-Balicka et al., 2014) cells are able to

induce TCIPA in WP using LTA. In the evaluation of effects of drugs on TCIPA, the

most significant and useful parameters for statistical analysis seems to be the

maximum percentage of aggregation and the aggregation pattern of platelets

obtained from the LTA traces. Once platelet aggregation starts, the light

transmission decreases until reaching a plateau and the device records the value for

the maximal percentage of aggregation. The lag phase that reflects the time that

takes for the platelets to aggregate after the agonist addition, is also a very useful

parameter for looking at the effect of the agonist and/or the compound under study.

However, it should be highlighted that the number of cells used for inducing platelet

aggregation may need to be limited and that the lag phase does not seem to be such

a suitable parameter to analyse, from the statistical point of view, the inhibitory



70

effect of drugs accurately during TCIPA. The lag phase and percentage of

aggregation induced by cancer cells correlated well with the number/concentration

of cancer cell lines tested during this project. In fact, when a limited range of cell

concentrations (1,000/mL-10,000/mL) was used, as the cell concentration was

increased, the lag phase tended to be longer and the percentage of aggregation

tended to be higher as expected. However, when the concentration of HT1080 and

HT29 cells reached 50,000/mL, the percentage of aggregation decreased but the

duration of the lag phase fluctuated and was not reproducible. A possible

explanation for those results may be linked to the fact that with a higher number of

cancer cells in the cuvette, the light transmittance may decrease and therefore the

value obtained for platelet aggregation may not reflect the actual percentage of

aggregation of platelets and not be accurate for analysis. Therefore, for the

following tests, the inhibitory effect of the drugs was investigated, and the lowest

number of cells that induced a reproducible percentage of aggregation was preferred.

The optimal concentrations of the three cancer cells chosen were 1,000/mL (A549),

20,000/mL (HT1080) and 10,000/mL (HT29).

The inhibitory effect of those histamine H2-receptor antagonists on TCIPA was

investigated after a 5 minutes’ pre-incubation period in the absence or presence of

various concentrations of the drugs. When the effect of the compounds on TCIPA

was analysed, all data was taken at the same time point: after 45 minutes of the

addition of the cancer cells. From the representative traces and data analysis

obtained during this study (Figure 14-31), the three compounds, APK, BK9C, and

BK9D, at 500 μM and 1 mM, consistently cause significant inhibition of TCIPA in

response to A549(1,000/mL), HT1080 (20,000/mL) and HT29 (10,000/mL) cells.

Only 250 μM of BK9D inhibited platelet aggregation induced by A549 and HT29

cells. Once again, these results were further corroborated by the images obtained

from optical microscopy. It is worth to note that, in this particular case, drug

concentration increases, as expected, the duration of the lag phase may not reflect as

accurately as the percentage of aggregation indicating the inhibitory effect of the
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drug at specific points.

It is believed that the aggregatory effect of histamine is linked to the production of

TXA2 by platelets. Previous work indicated that the suppressing effect of other

approved H2 receptor antagonists (Famotidine, Ranitidine, Cimetidine) on platelet

aggregation is associated with the generation of TXA2 (Nakamura K et al., 1999).

Based on this observation, it seems reasonable to think that those three H2 receptor

may exert a similar effect on platelet function. The anti-thrombotic effect of aspirin

is mediated through the irreversible inhibition on cyclooxygenases, a key enzyme in

TXA2 synthetic pathway. Therefore, aspirin was chosen as a suitable drug for

comparing the effect of the novel compounds in TCIPA at the highest concentrations

tested. As platelets from some patients do not respond to the inhibitory effect on

aspirin (Hankey and Eikelboom, 2006) (Shantsila, Watson and Lip, 2007), the effect

of aspirin of platelet aggregation induced by collagen was first tested in the blood

donors and then the effect of APK, BK9C and BK9D was compared with that of

aspirin. In fact, although aspirin at 1mM decreased the level of platelet aggregation

induced by collagen (2 μg/mL) for those blood donors, it did not exert a significant

inhibitory effect on TCIPA. These results are in agreement with those obtained from

Medina who tested 100uM of Aspirin for inhibition on platelet aggregation induced

by collagen and TCIPA induced by Caco-2 cells (Medina, Jurasz, Santos-Martinez,

et al., 2006) and also found that a novel aspirin prodrug but not aspirin was able to

inhibit TCIPA by HT1080 cells (Medina et al., 2012). Those three imidazoline

derivatives however reduce TCIPA considerably and are more potent inhibitors of

TCIPA than Aspirin. The results obtained during those studies support the idea that

not the TXA2 but other pathways/factors have to play a crucial role during TCIPA.

In fact, the underlying mechanism of action for histamine-2 receptor antagonists

suppressing TCIPA has not been elucidated yet. Nakamura concluded in their study

that there was no correlation between the imidazoline ring in the chemical structure

and the inhibitory effect of anti-H2 (Nakamura K et al., 1999). Saxena found that

histamine is a messenger in the TXA2 generation and granule secretion in
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collagen-induced platelet aggregation (Saxena et al., 1990). A study carried out in

the 80s concluded that histamine can stimulate serotonin (5-HT) uptake by platelets,

and this effect is mediated by a subclass of histamine H2 receptor (Gespach et al.,

1986). Serotonin is one of the soluble physiological agents which contribute to the

formation of aggregates (Dale et al., 2002) and activated platelets enhance platelet

activation and recruiting flowing platelets via releasing the agonists, such as TXA2,

ADP and serotonin (Li et al., 2010). Therefore, the effect of those compounds might

be associated with the levels of serotonin.

During TCIPA, many pathways may be involved and one of them is the MMPs

pathway. Not only platelets can express MMP, but cancer cells can release MMP

(Jurasz P et al., 2001). Several researchers from our group have previously showed

that MMPs and its modulation may play an important role during TCIPA (Medina et

al., 2012) (Alonso-Escolano et al., 2004) (Jurasz P et al., 2001) (Medina, Jurasz,

Santos-martinez, et al., 2006). Based on this previous observation, one of the

objectives during this project was to evaluate the potential effect of those

compounds on the release of MMPs during TCIPA by gelatin zymography. However,

due to technical problems, the quantification of the activity of MMPs by gelatin

zymography could not be conducted successfully. Several attempts modifying the

concentration of gelatin co-polymerised in the gels and different times of incubation

were tested. In some cases, MMP-9 activity was very weak or not detected and most

of the cases, for obtaining a reasonable band for MMP-2, the band for MMP-9

activity showed over-digestion of gelatin. Although the quantification could not be

carried out to get specific values to describe the enzymatic activity, when bands for

both gelatinases, MMP-9 and MMP-2, were evident and could be observed in the

gels, the novel drugs seemed to do not exert any effect on their release during this

interaction.

In conclusion, three novel drugs, which were previously proven to be potent

inhibitors of collagen-induced platelet aggregation, also attenuated TCIPA under no

flow conditions while aspirin did not have any inhibitory effect.
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Therefore, these three 2-amino imidazoline derivatives (APK, BK9C, and BK9D)

can be promising candidates for the treatment of Tumour-Cell-Induced Platelet

Aggregation or cancer-related thrombosis.

5.4 Technical limitations

The use of LTA for pharmacological studies looking at the effect of drugs of platelet

aggregation induced by different agonists is a well-established gold standard

technique. It has been also used previously to evaluate platelet aggregation in

cancer-platelet research and during the course of this project to study the effect of

three novel anti-platelet compounds on TCIPA mediated by three cancer cell lines.

However, the use of LTA for TCIPA is time-consuming and has some important

limitations. The most relevant limitation is that TCIPA is carried out in the absence

of plasma proteins as we are just looking at the cancer cell-platelet interaction in WP.

The second one is that during the process, the platelets are under stirring and the

experiments are not therefore performed under flow conditions. LTA does not really

mimic physiological conditions. From the technical point, the preparation of blood

and cells for the experiments requires careful and time-consuming train. Blood is

collected using Sodium Citrate as anticoagulant. Sodium citrate is an anticoagulant

agent used for drawing blood for coagulation studies and binds calcium in the blood.

PGI2 is used to prevent platelet activation during the centrifugation steps. Therefore,

‘resting time’ is always required to allow PGI2 to degrade from platelet suspension

for platelets to recover their physiological function. Collagen sometimes failed to

aggregate washed platelets. Therefore, in some occasions, the platelets were kept for

long period of ‘resting time’ before the experiments were carried out and this effect

could incurred in variability in the donors response to both TCIPA and the effects of

the drugs tested. Another factor to keep in mind is the careful growth and

preparation of cells for TCIPA involves several steps. For example, the incomplete

washing with Tyrode’s buffer and inadequate aspiration could lead to the residual of

DPBS-EDTA that can interfere in the cancer cell-platelet interactions. In fact, failing
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on carrying out properly some of those steps can modify the response of platelets to

cancer cells and cancer cell manipulation can also lead to the loss of cellular

receptors during the process. Therefore, collagen induced platelet aggregation, but

tumour cell failed to do so, the reason could be related to the preparation of cells

and new batch of cells needed to be prepare and tested. For each test, the passage

number of cancer cells was different. In the case of faster doubling ability of cells,

controlling the confluency or the growth of cells is a challenge. In addition, blood

platelets isolated form different donors may have different response time to APK,

BK9C, and BK9D. Therefore, the incubation time of drugs into platelet suspension

was not always strictly controlled. Basically, inappropriate individual operations

during any process of TCIPA experiments could bring unsatisfactory/non-accurate

results. For instance, as a result of deep cuvette, small volumes taken from tumour

cells or drugs may be not properly injected and stuck onto the cuvette wall.

Checking the cuvettes is necessary in the process of TCIPA experiments. As

previously discussed, for the statistical analysis of LTA results, another factor to

take into account is the amount of cells used that can interfere with the light

transmission and also the length of the lag phase that may not be suitable for

analysis either.

It is known that HT1080 cells release more MMP-2 than A549 during TCIPA and

HT1080-induced platelet aggregation depends, in part, on the secretion of MMP-2

by platelets and HT1080 cells (Jurasz P et al., 2001). Therefore, MMP-2 activity of

HT1080-induced platelet aggregation was first investigated. Although zymography

is a very cheap and sensitive technique, it is also a multiple-step method that in

addition needs to be adjusted to each experimental procedure as the amount of

gelatin and different incubation times (even for 10 days) may be needed for carrying

out a proper analysis. It has the disadvantage that the digestion bands are not

visualized until the staining procedure is performed and therefore to find out the

exact time of incubation. It is very challenging as the enzymatic activity for MMP-2

and MMP-9 can also lead to ‘not detection’ or ‘over digestion’ of the bands. As
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shown in Figure 39, the bands from MMP activity could not be identified by the

software even after adjustment under trans-UV light. Although the use of higher and

lower concentrations of gelatin were tried resulting bands were still not detected by

the device. One of the reasons might be that the release of MMP-2 was too low to

result in bands that could be properly quantified. Eventually, and due to time

constraints, the samples from TCIPA induced by A549 and HT29 were not

investigated.

5.5 Prospects and future studies

The compounds tested during the course of this work seem to be promising

candidates for modulating platelet function and/or tumour-cell-induced platelet

aggregation. Therefore, further studies involving APK, BK9C and BK9D are

warranted and may include:

(1) Investigation of the potential molecular mechanisms and platelets pathways

involved during the interaction of those compounds with platelets and cancer

cells.

(2) More experiments would be needed to determine the optimal concentrations of

these novel H2 receptor antagonists on TCIPA. In this regard, more

concentrations of APK, BK9C and BK9D, within the range from 250 μM to 1

mM could be tested.

(3) The inhibitory effect of the drugs on TCIPA could be also investigated in

Platelet-rich Plasma.

(4) Activated platelets express P-selectin and GPIIb/IIIa receptors on their surface.

The expression of P-selectin and GPIIb/IIIa receptors during TCIPA induced by

A549, HT1080 and HT29 in the absence or presence of APK, BK9C and BK9D

could be measured using flow cytometry to investigate whether the expression

of those receptors are downregulated when platelets are incubated with those
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compounds to corroborate the results obtained by LTA. (Medina, Jurasz,

Santos-Martinez, et al., 2006) (Santos-Martinez et al., 2008).

(5) Ultrasound TRAP (an ultrasound wave trap) has been previously used to

investigate TCIPA. Its use complements the LTA as provides an scenario where

flow dynamics demonstrates an important role in adhesion and tumour mass

rupture (Bazou et al., 2011). Using this method, a cluster of cancer cells is

introduced and kept in levitation into the TRAP and afterwards platelets

perfused (at a flow of 3 μL/min) until the cluster of tumour cells is encapsuled

(approximately for 30s). Subsequently, and after platelets are activated the

cluster is disrupted due to the mechanical forces exerted by the aggregation of

platelets that ‘pull out’ cancer cells from the initial cluster and the number of

minutes needed for the disruption in the control sample (vehicle) can be

compared with the effect of the drug of interest (Medina et al., 2012). Although

a couple of attempts during the course of this project failed in obtaining a

reproducible cluster of cells, it would be very valuable to optimise the method

for evaluating the potential effect of those drugs on TCIPA under flow condition.

(6) It would be also interesting to investigate if this group of compounds exert any

effect during cell invasion. For this purpose, BD BioCoat Matrigel Invasion

Chamber assay system to study the effects of 2-amino imidazoline derivatives

on platelet-stimulated tumour (A549, HT1080, HT29) cell invasion could be

used. In the absence or presence of APK, or BK9C, or BK9D with different

concentrations, aliquots of 0.5 mL of cell suspensions consisting of 2.5*108/mL

of platelets and specific concentrations of cancer cell are added to allow

invasion in a humidified incubator (37 ℃ , 5% CO2). The stained membrane

covering invading cells can be examined using light microscopy

(Alonso-escolano et al., 2006) (Radziwon-Balicka et al., 2014).
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Appendix 1. Micrographs of platelet aggregation induced by collagen without

or with a series concentrations of APK, BK9C, and BK9D. Scale bars are 200

μm (X5), 100 μm (X10), 20 μm (X50).
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Collagen-induced platelet aggregation (4 ug/mL) in the presence of 250 uM APK

Collagen-induced platelet aggregation (4 ug/mL) in the presence of 500 uM APK

Collagen-induced platelet aggregation (4 ug/mL) in the presence of 1 mM APK
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Collagen-induced platelet aggregation (4 μg/mL) in the presence of 125 μM BK9C

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 250 μM BK9C

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 500 μM BK9C

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 1 mM BK9C
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Collagen-induced platelet aggregation (4 μg/mL) in the presence of 50 μM BK9D

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 125 μM BK9D

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 250 μM BK9D

Collagen-induced platelet aggregation (4 μg/mL) in the presence of 500 μM BK9D
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Collagen-induced platelet aggregation (4 μg/mL) in the presence of 1 mM BK9D

Appendix 2. Micrographs of platelet aggregation induced by three cancer cell

lines without or with a series concentrations of APK, BK9C, and BK9D. Scale

bars are 200 μm (X5), 100 μm (X10), 20 μm (X50).
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HT29-induced platelet aggregation (10,000/mL) in the presence of 1 mM BK9C
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HT29-induced platelet aggregation (1,000/mL) in the presence of 500 μM BK9D

HT29-induced platelet aggregation (1,000/mL) in the presence of 1 mM BK9D
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