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PREFACE

Cancer is one of the major causes of death worldwide. According to the American Cancer Society 1 ; in 2015, one of the fourth death in the USA is due to lung cancer which is now even ahead of the heart diseases. This fact motivates us and many other scientists in the world to develop more efficient ways of treatment, diagnosis and screening of the disease.

Since around 90% of cancer deaths are due to metastasis, great effort is being focused on revealing mechanism of metastasis and its clinical impact on patient's treatment.

Circulating tumor cells (CTCs) are the cells that shed from primary or metastatic tumor sites into the peripheral blood stream and they have the great potential to unravel the unknowns about the metastatic cascade as they are transition element in the process.

CTCs have already shown its power as liquid biopsy for prognosis of disease progression and indicator of treatment efficacy according to increase or decrease of their number. Their molecular characterization can further reveal possible therapeutic targets and underlying disease progression or drug resistance mechanisms. Especially real-time monitoring of CTCs combined with molecular characterization will facilitate personalized treatment. However CTCs are extremely rare, 1 to 10 cells/ml of blood among the 10 6 white blood cells and 10 9 red blood cells so their isolation from blood is quite challenging. In the last decades, variety of enrichment and isolation techniques have been developed and using microfluidics is one of the most efficient and flexible approach with high-throughput.

Parallel to state of the art, Ephesia, a powerful microfluidic device for circulating tumor cells capture and analysis had been developed. The principle of capture is based on selfassembly of antibody-coated magnetic beads as an array of columns. Subsequently, cells are captured through the EpCAM surface antigen that is found commonly in epithelial origin cancer cells. This system was already validated with cell lines and patients samples. However, the system did not allow isolation/detection of subpopulations of CTCs or performing high content molecular characterization. Therefore, my PhD project aimed at further improving the capabilities of the Ephesia on the two main aspects: targeting subpopulations of CTCs and studying protein interactions on the captured CTCs.

As cancer evolves various phenomenon contributes to the tumor heterogeneity such as clonal evolution, phenotypic plasticity and cancer stem cells. Different molecular or genetic profile is observed between the patients of different cancer types, between patients having the same type of cancer or even in the one patient between the primary and metastatic sites. CTCs are transition component of the metastatic cascade, therefore heterogeneity among CTCs is also observed. Depending on the disease state, these subpopulations of CTCs might exhibit different resistance to drugs or invasiveness, therefore it is crucial to identify them and relate to a specific clinical context that can help to better diagnose and orient the therapy selection.

From the other perspective, molecular characterization helps to identify aberrant pathways to choose with what kind of available drug patients can be treated. Recently developed targeted drugs can target specific proteins to inhibit the interactions with other pairs of protein that could initiates subsequent signaling resulting in tumor growth. Hence by detecting these protein interactions, one can predict whether specific treatment could be applied or not and/or monitor efficacy of the treatment.

In the course of this PhD, my main objectives were: to develop a new design of chip allowing the isolation/separation of metastasis initiating cell within CTC population and implement in situ Proximity Ligation Assay (PLA) to detect HER2:HER3 protein interactions on CTCs in Ephesia chip along with necessary technological improvements. More detailed series of objectives are as followed: The first chapter of this thesis gives a brief introduction to cancer biology and personalized medicine. Besides, two phenomena contributing to tumor progression/heterogeneity and metastasis: Cancer Stem Cells and Epithelial-to-Mesenchymal Transition are briefly explained.


Second chapter emphasizes the importance of studying Circulating Tumor Cells and explain their important features. Several CTCs enrichment/isolation methods are described. Finally I give a brief explanation about how Ephesia technology works to capture CTCs along with its detailed validation study.

In the third chapter, I explain heterogeneity of CTC subpopulations and its relation to the Epithelial-to-Mesenchymal Transition process and cancer stem cell model. Details of dualantibody approach targeting metastasis initiating cells using Ephesia system are described.

Finally, preliminary results for the validation of this new system are displayed and discussed.

In the fourth chapter, the role of HER protein family in cancer and the clinical implications of HER2:HER3 interactions are presented. The principle of Proximity Ligation Assay is described showing various applications. I demonstrate how PLA method was implemented into Ephesia system with the aspects of technology, signal specificity and combination with immunophenotyping.

Final chapter summarizes the general conclusions for the two subprojects of my thesis and present potential future works based on the new generation of Ephesia. The history of the term cancer starts in 460-370 BC. Earlier the word carcinos and carcinomas were used by the Greek physician Hippocrates to describe non-ulcer forming and ulcer-forming tumors 1 ; these words refers to a crab due to the resemblance of dissected tumor surface with its finger-like prolongation to the veins. Later the term cancer was used by The Roman physician Celsus (28-50 BC) which is the translation of a crab from Latin.

Cancer, in a simple way, can be defined as complex disease in which cells grow abnormally and in an uncontrolled way. As cells grow, massive collection of cells organizes themselves forming tumors. Cancerous tumors are able to disseminate to the distant organs unlike benign tumors which do not spread around. This behavior is a result of some modifications of genetic information that alter cell functions. There are various risk factors that cause these changes; they can operate in a consecutive order or simultaneously.

Aging, alcohol use, exposure to cancerous substances, chronic inflammation, diet, hormones, immunosuppression, infectious agents, obesity, radiation, sunlight and tobacco are the moststudied known or suspected risk factors 2 . However, to understand how these risk factors can generate cancer, underlying mechanisms of cancer should be revealed. Hanahan, D. and Weinberg, R. A 3 have published a very extensive review about what are the acquired biological capabilities that reconstruct normal cell into cancerous cell; ''Hallmarks of Cancer : The Next Generation''. In this section, the cellular, biochemical and molecular traits of cancer will be discussed.

It had been previously suggested that the process of tumor development for any type of cancer comprises the following common traits: sustaining proliferative signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and activating invasion and metastasis (Figure 1). However, taking into account the outcomes of recent researches, there are also two emerging hallmarks: reprogramming of energy metabolism and evading immune destruction and as well as the importance of the tumor microenvironment 3 . Growth-promoting signals are the key to cell growth-and-division cycle. Their production and release is well-controlled by normal cells. These signals act when the growth factors bind on the cell surface receptors initiating some cellular signaling pathways and regulating the cell cycle with the influence of cell survival and energy mechanism. However cancer cells can deregulate these signals leading to acquire sustained proliferative capability. There might be several ways of gaining this trait: growth factor ligands can be produced by the cells itself or normal cells can be stimulated by the cancer cells to supply with various growth factors. These aberrations in growth factors could be the results of somatic mutations that activate downstream pathways or defects in the negative-feedback mechanism that reduces various signaling leading to enhanced proliferation.

Normal tissue growth is also controlled by the anti-proliferative signals operating to downregulate the cell proliferation; which are coded by tumor suppressor genes. Escaping these pathways is another hallmark capability of cancer. For example, p53 protein is encoded by TP53 tumor suppressor gene and has an significant role on cell cycle arrest, DNA repair and apoptosis 4 . Mutation of this gene may cause loss of function, promote other tumorigenic pathways or exhibit oncogenic activity by a gain-of function mechanism 5 which results in increased proliferation, evasion of apoptosis and chemoresistance 6,7 .

Defects in cell growth and proliferation are normally circumvented by the natural protection mechanism called apoptosis, programmed cell death. Apoptosis is activated by the loss of cell-cycle checkpoints, persistent DNA damage, or malfunction of telomerase 8 . Extra-cellular death-inducing signals and cell intrinsic signals are the main decisive components in this process in which pro and antiapoptotic regulatory proteins are counter-balancing each other 9 . Nevertheless, cancer cells gain resistance to apoptosis to persist their malignant growth. One common way, as mentioned earlier, is through the lack of p53 protein which activates the apoptotic process 10 .

Another acquired hallmark for cancer cells is having unlimited replicative potential. Under the normal conditions, cells have a limited number of growth and division cycles due to two phenomena, senescence and crisis. Having a finite number of dividing, cell stop growing and it resides in a viable but nonproliferative state which is senescence; thereafter, cells surviving this state die massively, which is the phenomenon called crisis. Therefore to generate massive tumors, cells have to evade these programs and multiply limitlessly.

According to the studies, telomeres are part of the process to gain unlimited proliferation skill 11 . Telomeres protect the end of the chromosomal DNA and as cell proliferate they get shorten leading to disability of chromosomes which later induce the crisis state. For example, the activity of telomerase, the enzyme that creates telomere segments, has been found increased in the immortalizing cells extending the telomeric DNA, and thereby replicative proliferation.

As the tumor grows massively, this complex tissue needs to be well supplied with nutrients and oxygen and this is maintained by the tumor-associated neovasculature generated by angiogenesis. During the development of the body, vasculature is generated by the proliferation and differentiation of endothelial cells into a vascular tissue and their assembly into the tubular network and additionally the sprouting of the new vessels from existing ones thereafter the maturation of the network 12 . The process angiogenesis stays generally quiescent. However, on the contrary, during the tumor progression, angiogenesis induction is kept activated in order to feed the tumor continuously and sustain the cancer growth. Angiogenic switch is established by the balance between pro-angiogenic and anti-angiogenic molecules. For example, VEGF (vascular endothelial growth factor) is one of the regulatory factors often highly expressed in many of cancer in which it acts on producing new blood vessels, thus helping to nourish the tumor cells 13 . Hence inducing angiogenesis is a hallmark of cancer contributing the tumor progression.

Many cancer types eventually activate invasion and metastasis at distant organs. Metastasis is a multi-stage process in which the cells gain motility properties, escape from their primary site and reenter into the distant tissues through blood stream and growth of small cancer nodules (colonization) into a new body parts. Nevertheless some cancers types may not able to metastasize due to the lack of the other described hallmarks and fail to advance in one of the steps of the process. Some elements of those steps of metastasis mechanism are yet to be discovered. Cancer cells exhibit typical characteristics during this process such as cell shape alterations, loss of their attachment to the other cells and to the extracellular matrix (ECM) to enhance their mobility and migration to leave into the blood stream. Another important criterion during metastatic process is the host environment in which the cancer cells has to adapt successfully to colonize; some tissues may be more prone to form metastasis facilitating their acquiring hallmark and growth further. The details of metastatic process will be further discussed in the next sections.

All these hallmarks, briefly described, are what cancer acquires as functional capabilities to survive, grow and spread during the progression of the disease. However, these abilities are acquired thanks to two other enabling characteristics, genome instability and mutations and tumor-promoting inflammation. Modifications in genome help to favor selectively the growth of aggressive clonal subclasses through various mechanisms. Now there is increasing evidence that inflammation generated by infiltrated immune cells within tumors can promote tumor progression for instance by supplying bioactive molecules to the microenvironment inducing proliferation, invasion, angiogenesis or release of mutagenic chemicals from inflammatory cells 14 .

Apart from those enabling characteristics, two other features of cancer are now considered as emerging hallmarks, in which more evidences are needed to be identified as core hallmark: deregulating cellular energetics and avoiding immune destruction. Energy metabolism and glucose uptake is reprogrammed in cancer cells due to the lower efficiency of energy production and this was observed in many cancer types. Lastly, according to the observations, it is suggested that cancer cell may circumvent immune eradicating system by disabling some of its components that manage to eliminate them.

All in all, in this section, acquired capabilities and enabling factors of cancer have been described briefly. However, there are still numerous key points of tumor progression mechanisms waiting to be discovered and need to be interconnected. Moreover, each of these hallmarks is a potential target for cancer treatment. Especially considering the fact that cancer cells can possess more than one capability at the same time, deactivating several of these traits will substantially increase the efficacy of treatment. An example for combining treatment approaches is to coadminister immunotherapy with chemotherapy regimens. Immunotherapies provide increasing anti-tumor immune response and antagonizing regulatory pathways inducing immune tolerance 15 . Especially by immunotherapy it is aimed to have more efficient and less toxic cancer treatments.

TUMOR PROGRESSION AND METASTASIS

Cancer is considered as a complex disease as a result of accumulated mutations leading to excessive growth of cancerous cells. There are mainly two phenomena that contribute to tumor progression: clonal evolution and cancer stem cell model where also cell plasticity plays role. The fact that tumor progression follows Darwinian evolution is widely accepted 16 ; in this theory the genetic diversity results from the natural selection. So according to this model, it is implicated that tumor evolves after a series of clonal * expansion of cells triggered by a driver mutation that gives selective advantageous leading to outcompete and outgrow the cells lacking that mutation and this yields homogenous mutations within tumor 17 .

However this concept is context-specific 18 and contrary to the present evolutionary process in asexual cell populations. Besides, there are now increasing number of evidences that there are several subclones differing at genetic and epigenetic level within primary tumors. This heterogeneity both genetically or phenotypically can stem from the fact that cells within tumor experience different microenvironment and similarly have varying access to nutrients and oxygen due to tumor architecture. Thus now clonal evolution is modernized by recent studies showing that tumors exhibit a branched evolution where several subclones co-exist in same primary tumor and their matched metastatic sites resulting in heterogeneity in space and time 19 .

As cancer is an evolving ecosystem, it is thus inevitable to not take into account the interactions and the dynamics between its surrounding environment and cell populations within tumor. The clonal evaluation of homogenous or heterogeneous tumor is suggested to consists of positive, negative or neutral interaction of subclones in which these interactions can be mediated by the microenvironmental factors or cell-to-cell communication within short distance 20 . Negative interactions can lead to clonal selections and diminish the heterogeneity such a way that more advantageous subclone competes the others and takes over the tumor. In contrast, positive interactions exhibit clonal cooperation in which both subclones continue to grow causing to persistent intratumor heterogeneity. The idea of clonal cooperation supports that the tumor progression could be facilitated by benefiting from interactions of partially transformed subclone to acquire the hallmarks of cancer which otherwise would be inefficient and time consuming as a single subclone. This behavior of subclone cooperation has clear effect on the tumor ability to further metastasize in which * Clones: population of cells having the same set of genetic and epigenetic alterations and originated from a common ancestor; subclones are new population of cells after a new subset of changes within clone 20 . each subclone has different metastatic capability. For example, in a recent study, when two subclones are transplanted to genetically engineered mouse, disease progression and liver metastasis was observed, whereas it was not the case when the subclones were transplanted individually 21 . All these processes can simply be depicted in Figure 2 22 in which subclones coexist in primary tumor and some become dormant or outgrown by others as well as a major clone or several subclones may generate the metastasis with different clonality properties. Metastasis is the advanced stage of cancer progression and is the cause of 90% of deaths in cancer disease 23 . Simply it is multistage process where cancer cells spread out from the primary tumor and colonize into distant organs. However the details of the process is not clearly known yet, such as when and how the cell leave home, which cells initiates it and the frequency and homing sites of occurrence is variant in different cancer types.

In principle each following step is required for metastasis for almost all tumors 24 . In the order of sequence (Figure 3), cell acquires the previously defined hallmarks and gain abnormal growth. With vascularization of the tumor, local invasion to the surrounding tissues and to the blood vessel starts. Tumor cell aggregates/or individual tumor cells detach from the primary tumor and enter to the blood circulation (intravasation) and the lymph nodes.

Thereafter the circulation and the survival in blood stream, the tumor cells are arrested in capillary bed and reenter into the distant tissues (extravasation). After extravasation, disseminated cells might enter into dormancy state and it is necessary that cells exit this state to seed metastasis. Once these cells adopt the new microenvironment, proliferation restarts (colonization) and besides vascularization is reestablished forming the secondary tumor sites.

FIGURE 3 SCHEME OF METASTATIC PROCESS (IMAGE COPIED FROM REF23

Within this process, each step is critical to for a successful colonization of tumor cells.

Indeed given the complexity of these steps, metastasis process is suggested to be inefficient. Tumors release millions of cancer cells per gram of tumor 25 , however only a few has the ability to disseminate and initiate metastasize. For example, when cancer cells that are intravenously injected reach the lungs, large number of them die within two days 26 while, only 0.02% of melanoma cells injected in the portal vein form micrometastasis in the liver 27 .

Particularly, circulating tumor cells, tumor cells shed into the blood stream, are the transitionary element between primary tumor and metastasis. CTCs are eliminated or arrest in capillary bed which results in mainly apoptosis but rarely in metastasis 24 . Similarly only half of the patients having infiltrated cells (disseminated tumor cells, DTCs) into their bone marrow have developed overt metastasis 28 . For instance, CTCs arising from carcinoma † have a larger diameter (20 to 30 μm) than the capillary bed (e.g. ~8-μm diameter in lung),and they are expected to be trapped in minutes after their release, yet they manage to by-pass the sieving action of pulmonary microvasculature considerably owing to either small size or physical plasticity 23 , even if when they circulate as clusters. Moreover it has † Carcinoma: epithelial originated tumors. been shown that cancer cells in circulation can associate with platelets in order to protect themselves from the shear stress in blood and have a signaling cross-talk promoting invasiveness 29 . Hence revealing the nature of these cells will hold the key to the metastatic process e.g. how they extravasate into the organs and what are the properties of the cells that can colonize and initiate metastasis. CTCs are one of the center topics of this thesis and their significance in clinics, features and detection methods will be more extensively discussed in the following chapter. Dormancy has a critical effect in metastatic process. Upon lines of evidences, it is suggested that disseminated cancer cells remains dormant and eventually exit from quiescence to initiate metastasis, though still there are numerous unclear step in this process waiting to be revealed. Dormancy can be defined as a state of suspended animation or low activity of a cell organism and referring to temporary mitotic and growth arrest of tumor 30 . There are three category of tumor dormancy: cellular dormancy; quiescence state of solitary or small groups of DTC, angiogenic dormancy; constant tumor mass due to balancing between dividing cells and dying cells due to poor vascularization, immune-mediated dormancy; constant tumor mass due to immune system activity through persistent cytotoxic activity. All these types may have role in tumor progression with different level of involvement. Tumor dormancy shows distinct features within primary or metastatic tumor sites, in which primary tumor cells may undergo dormancy to acquire necessary oncogenic mutations and gain ability to evade immune recognition whereas premetastatic cells due to inability/delayed to adapt to foreign environment 31 . . The dormant cells might be the source of tumor relapse and characteristics of early dissemination and metastatic dormancy might change depending on cancer type. For example most of the breast cancer patients with HER2+ or triple negative breast cancer recurrence less than five with metastasis in lung, brain or liver, however there are also cases that relapses occur after 10-15 years in melanoma and renal cell carcinoma 31 . One of the consequences of the dormancy for tumor cells is being refractory to conventional chemotherapies given their cell cycle status arrested in G0 phase (resting phase, not dividing) , which implies that chemotherapy can only be efficient on solitary or micrometastatic tumor cells exit from quiescence state 31 . To accomplish whole metastatic cascade, these disseminated cells / pre-micrometastatic cells has to grow tumors exiting dormant state and these cells are considered as metastasis-initiating-cells with stem cell features having self-renewability gaining traits enabling them to exit quiescent proliferative state, however it is still not clear where, when and how the cells gain these features 31 . It is hypothesized some of them might already have gained at the primary sites by epigenetic and/or mutational changes or these features are gained after dissemination at the stroma of the foreign organ and finally it is also possible that these genetic changes occurs after dissemination and entering dormancy state. Thus, capturing and characterizing CTCs is important helping to increase our understanding of metastasis dormancy and initiation of metastatic outgrow.

As mentioned before, early steps of metastasis starts with invasion and intravasation.

Cytoskeleton rearrangements of cancer cells and interactions between cells and extra-cellular matrix could drive invasion and migration throughout the connective and supportive tissue network (stroma) 32 . Epithelial-mesenchymal transition (EMT) has been suggested to play an important role for invasion and metastasis process in which epithelial origin cells lose their intracellular adhesion and polarity and thereafter gain mobility. Even though there is no complete evidence to prove whether EMT is required for metastasis, it has been shown to promote chemoresistance 33 .

Another concept is cancer stem cell model (CSCs) which propose CSCs having tumorinitiation capacity are responsible for tumor progression and metastasis. Early theory states that a rare subset of malignant cells carrying stem cell properties is the cause of the tumor development with infinite growth potential 34 . CSCs have critical role in the metastasis given their self-renewal and tumor initiation ability 23 , however there are controversies such as how they should be defined, their characteristics, tumor CSC status or whether they are true stem cells or not 24 . Both the significance of EMT and CSCs in tumor progression and metastasis will be further discussed.

Once cancer cells acquire the specific characteristics for invasion and are present in the circulation; following the selection of cells surviving in the bloodstream distant organ, infiltration and colonization in this new tissue are the main steps that cancer cells must overcome for generating metastasis. In 1889, Stephen Paget proposed a seed-and-soil hypothesis that metastatic sites are not randomly formed; rather one remote organ as soil is more prone for secondary growth of certain tumor cells as seed 35 . Over the years of research, this hypothesis has been developed under new observations. Thus the hypothesis could now be summarized with three basic principles 24 : neoplasm consists of both tumor cells and host cells which can be epithelial cells, fibroblasts, endothelial cells and infiltrated leukocytes and tumors are heterogeneous genetically and phenotypically. Second, a deep analysis is required to reveal the cell populations that succeed to survive along the metastatic path. Third, the biologically unique microenvironment or organs host the metastatic development.

The two facts that metastasis occurs at different time frame and frequency depending on the cancer type and specific organ is favored compared to another could be explained by several factors. Structural differences of blood capillaries in various tissues may have role in the intra-or extravasation. For example, the sinusoid structural capillaries of bone marrow are only composed of one single layer of endothelial cells lacking of supporting cell layer so that blood cells could easily travel to bone marrow; this could explained why it is one the most favored sites of metastasis 23,36 . Also the blood flow patterns to the distant organs may have an influence on when cancer cells would be trapped and start extravasation.

Other critical factor is the microenvironment and the adaptability of the cancer cells for colonization. Colon cancer cells preferentially adhere to liver and lung endothelia which might suggest that there are specific molecular interactions 37 . One striking example of evidence is that a prior metastatic microenvironment (pre-metastatic niche) may be developed by the some factors produced by primary tumors and hence supporting the formation of secondary tumors which can be further enabled by tumor-promoter immune cells before arrival of CTCs 32, 38, .

A recent finding has shown an alternative path to seed-and-soil hypothesis which propose unidirectional seeding of cell for metastasis formation. CTCs were shown to be colonized in their original tumor sites 39 . This process termed as self-seeding was observed in experimental models of breast carcinoma, colon carcinoma, and malignant melanoma where established tumor masses were readily seeded by CTCs from a separate tumor mass or metastatic lesions or direct inoculation. Self-seeding can amplify tumor growth and the breeding of metastatic progenies.

TUMOR HETEROGENEITY AND CANCER STEM CELLS

As previously mentioned, tumors often exhibit heterogeneous features in such as morphology, gene expressions, metabolism, motility, proliferative and metastatic potential 18,40 .

This heterogeneity can arise from the clonal evolution, phenotypic plasticity of cells and differentiation of cancer stem cells (CSCs).

As discussed above (see 1.2), tumor clonal evolution is one of the sources heterogeneity in which distinct subclones emerge among the tumor due to genetic or epigenetic alterations, hence resulting in phenotypical heterogeneity. Clonal heterogeneity has been demonstrated in many cancer types such as breast, leukemia, prostate, colon, brain 18 .

However, genetic studies for clonal differentiation are still limited by the detection methods (e.g. low resolution, high cost and labor intensive) or by sampling quantity and/or quality.

Another source of heterogeneity is the phenotypic plasticity of cells which is one of the basic properties of organisms. These phenotypic changes could stem from experiencing different microenvironment such as variable composition of extracellular matrix or blood vasculature densities. Gene expression variabilities could also cause the phenotypic changes in cells even though cells are in an homogenous environment and have the same genetics 41 . EMT is one of the examples for reversible phenotypic change and cells in mesenchymal state are more prone to form tumors than those in epithelial state in breast cancer 42 .

The most intriguing concept for heterogeneity is the cancer stem cell concept. This model postulates that tumors are comprised of tumorigenic cancer stem cell (CSC) subpopulation and their non-tumorigenic progenitor cells 43 , CSC being the cells driving tumor growth, therapy resistance 44 and metastasis 42 .

Cancer stem cells model has been developed after a collection of observations that only a rare subpopulation of cancer cells could form metastasis when transplanted in mice. This was tested for many cancer types such as acute myeloid leukemia 45 , breast cancer 46 , pancreatic cancer 47 . However there are still uncertainties about the origin of CSC, such as whether they are derived from normal stem cell with cancerous phenotype, or they are previously differentiated progenitor cells with oncogenic mutations and regain the selfrenewability 34 . Lastly, it is hypothesized that a rare fusion event between stem cells and other cells may generate CSCs however there is still no direct evidence for this, especially in human conditions 48 .There are evidences both supporting or against this model and some uncertainties how this concept can be tested in mouse models.

Cancer stem cells have been suggest to have unique properties according to the general reviews 49,50 : expressing a catalog of distinctive surface markers, selectively enhanced tumorigenic capacity and sustain heterogeneous tumor growth with generating a hierarchy of differentiated progenitor with non-tumorigenic capacity. The only way to test the tumorigenic capacity is in permissive environment 43 where cancer cells are transplanted into mouse;

tumor growth and disease progression being followed. For example, minor population of CD34+CD38-human acute myeloid leukemia (AML) cells has greater capability of forming tumor than CD34+CD38+ and CD34-fractions when transplanted into non-obese diabetic/severe combined immunodeficient mice (NOD-SCID) 45 . However the true tumorigenic potential might be hampered by several reasons and one of them is the lack of key adhesion molecules or growth factor due to inability of mouse ligand when human cells are transplanted into mouse. Though, the model is also supported by the syngeneic mouse 43 models (a mouse tumor growing in mice of the strain in which the tumor originated 51 ).

Other property that non-tumorigenic progeny stem from the tumorigenic cancer cell forming heterogeneous tumor is supported similarly by AML studies in which tumorigenic CD34+CD38-cell population gave rise to non-tumorigenic CD34-CD38+ cells on transplantation 52 . This is also similar to normal stem cell differentiation under epigenetic changes. Nonetheless, there are inconsistencies between studies on melanoma cells one suggesting that only CD271+ cells can form tumor in immunocompromised mice, other that CD271-cells also form tumors in NSG (NOD/SCID IL-2 NOD/SCID IL-2R γ -null) immunodeficient mice. Another study reports that both CD271+ and CD271-cells formed tumors regardless of transplanted into NSG mice or to NOD-SCID mice 43 .

This fact raises the question of universality of the markers identifying CSC. Several markers are already defined for some cancers and they are not common for all the cancer types.

For example CD133 surface marker is commonly used to isolate CSCs from brain, lung, liver 53 . However, when brain tumors were tested for tumorigenic property, both CD133+ and CD133-cells were shown to be tumorigenic in several studies 54 . Moreover, the tumorigenic markers expressed among the patients may vary due to phenotypic changes resulting from different mutations or cells of origin. These evidences points out the necessity of more specific markers.

Taking account altogether, tumor heterogeneity may come from various sources; plasticity clonal evolution and CSC model. It is not yet clear which type of source leads to different phenotypical and functional properties. Nonetheless a hierarchical organization of tumorigenic and non-tumorigenic cells is obvious. Furthermore, clonal evolution and tumorigenic cell differentiation can independently or together contribute to heterogeneity 43 .Yet It is necessary to extend the studies to all cancer types and subtypes and have a better idea which fractions of cells follow the CSC model 55 . Validity and specificity of surface markers on tumorigenicity should be evaluated on more patient samples. Mouse model assays should be better designed to eliminate the differences between human and mouse environment. All these aspects will be essential for comprehending biology of metastasis and designing/testing new therapies for a better diagnosis and treatment 56 .

EPITHELIAL-TO-MESENCHYMAL TRANSITION AND IMPLICATIONS TO TUMOR PROGRESSION

Upon the growing evidences demonstrating the existence of mesenchymal cell types in carcinomas 57 and in CTCs population 58 , the contribution of epithelial-to-mesenchymal transition (EMT) to tumor progression and metastasis has been widely discussed especially regarding intravasation and extravasation steps in metastatic cascade. Simply, EMT is a process that cells lose their junctions and polarity, reorganize cytoskeleton via change in gene and transcription factors ‡ profiles or signaling pathways 59 . It has been proposed that epithelial cancer cells gain enhanced invasiveness, motility and resistance to apoptosis through EMT, disseminate and secondary carcinoma tumors are formed by a reverse process called mesenchymal-to-epithelial transition (MET) 60,61 ,62 (Figure 4). However there is no direct evidence that EMT is required to generate metastasis 63 . In fact EMT is a fundamental phenomenon in embryogenesis and organ development, which is crucial to diversify tissue and functional organism (type1 EMT). For example, formation of the three layered embryo is a result of this process in which certain epithelial cells have plasticity between epithelial and mesenchymal states via EMT and MET. Along the development, tissue-specific function is gained by epithelial cells and supporting role of tissue by mesenchymal cells after terminal differentiation of these transformed cells 62 .

Besides embryogenesis, EMT is activated in wound healing and organ fibrosis (type2 EMT) by signaling received from inflammatory cells, fibroblasts and ECM. EMT is also suggested to occur during tumor growth and cancer progression at the invasive front of the tumors enabling them to move into the bloodstream and reach to distant organs (type3 EMT). Furthermore, it is clear that all the three types of EMT are distinct from each other in different physiological contexts 62 depending on the cell type, tissue context and signaling pathways.

Nonetheless, in all tissue contexts, EMT can be characterized by some common features; dissolution of epithelial cell-cell junctions, loss of their apical-basal polarity, attaining frontrear polarity (unequal distribution of proteins between the front-leading edge and the back of the cell), reorganization of cytoskeleton, changes of cell shape, down regulation of epithelial gene expressions, enhanced cell motility, and ability to degrade ECM in many cases 59 .

Epithelial tissues are composed of cell layers where specific cell surface proteins form cellcell junctions maintaining epithelial integrity and separated by basal lamina from the neighboring tissues. EMT process leads to delocalization or degradation of these proteins and thus loss of apical-basal polarity. Particularly E-cadherin expression, epithelial cell-tocell adhesion molecule that forms the cell-cell or cell-substrate junctions, is reduced while N-cadherin is upregulated. N-cadherin, mesenchymal neural cell-cell adhesion molecule, has weaker interactions between each other compared to E-cadherin and it gives higher affinity against mesenchymal cells, thus motility and invasion is increased 64 . This protein is already demonstrated to be associated 65 with tumor invasiveness, metastatic dissemination and poor patient prognosis in several studies.

Cells undergoing EMT gain elongations, shape changes and thus directional motility by reorganizing their cytoskeleton. Cells produce extensions so called lamellipodia, filopodia and invadopodia to facilitate movements and these extensions can express agents degrading the ECM proteins and thereby enable invasion. One of the changes in cytoskeleton occurring in the composition of intermediate filaments during EMT is the repression of cytokeratin and increase of vimentin expression, which also have role in advanced motility 66 . These changes have also been reported in primary breast carcinomas tissues and have been associated

with more aggressive behaviors of cells suggesting that disseminated tumor cells have acquired mesenchymal cells features 67 .

EMT is also dependent on the remodeling of ECM and cell interactions between ECM.

Epithelial cells communicate with the basement membrane whereas mesenchymal cells with different ECM. For example, increased expression of integrin proteins receiving signals from

ECM related to mesenchymal phenotype can further interact with collagen and contribute to the loss of E-cadherin 68 . Similarly increased proteases enzymes such as the matrix metalloproteinases MMP2 and MMP9 have been correlated with integrin changes leading to degradation of ECM proteins.

These hallmarks of EMT initiation could be activated in several ways whether genetically or epigenetically. There are several transcription factors having a significant role in EMT such as SNAIL, SLUG, TWIST and zinc-finger E-box binding (ZEB) 59 regulating the repression of epithelial genes and activating the mesenchymal genes in a cooperative way. Their involvement in EMT process depends on the tissue type and their role in signaling pathway. Non-coding miRNAs have been showed to activate EMT by selectively binding mRNA and thereby inhibiting or promoting the degradation of proteins that regulate the process. It could also be triggered by a variety of other mechanisms such as hypoxia, tumor-ECM interactions and growth factor signaling 69 .

Despite the fact that EMT has an obvious role in acquisition of high level of malignancy, the importance of EMT in human tumors is a subject of debate given the lack of evidences due to experimental challenges 63,70,71 . The main concerns about this issue could be summarized as following. Many studies demonstrating the EMT are performed in transgenic mouse model that do not necessarily represent the reality of human tumors ,71,72 .

Besides, there are already evidences showing that phenotypic shift of cells from mesenchymal to epithelial state (MET) occurs supporting the EMT role in metastasis 73 .

However, there is a need for more clear evidence demonstrating how one tumor cell has indicate that cells has comprised the whole EMT steps. The lack of evidence whether the cells have gone EMT, completed the whole metastatic process and switch their phenotype by MET and colonize was mainly due to lack of robust markers differentiating mesenchymal tumor cells from stromal cells and as well as difficulty to track and image single cells in noninvasive ways 74 . A very recent study, on the contrary to EMT/MET hypothesis, was able to show that EMT is not required for lung metastasis in breast cancer models by using cell linage tracing approach. Nonetheless, contribution of EMT for chemoresistance was demonstrated clearly by observation of recurrent EMT-derived metastasis after therapy 63 .

Yet such kind of studies should be applied to other kind of cancers with different metastatic sites to see how globally this pattern is observed and still investigating and blocking EMT in tumor progression hold great importance in terms of therapy efficacy.

Another intriguing concept is the acquisition of stem cell properties when the cells undergo EMT. There is now increasing number of evidence that upon EMT induction, cells gain stem cells traits both in normal and cancer cells, and vice versa, stem cell populations exhibit a variety of EMT markers 33,42 . Several different EMT inducers have been shown to support this concept in cooperation alone or mutually with another 42,75,76 . For example non-tumorigenic subset of CD44 low /CD24 + cell could give rise to tumorigenic population of CD44 + /CD24 -/low cell by EMT induction through Ras/MAPK signaling pathway and treatment with TGFβ accelerating the process 75 . Also stem cell concept is further supported by the formation of mammospheres only with CD44 + /CD24 -/low population. However, the link between CSC and EMT is not clear whether EMT is necessary for generating stem cells or CSC benefit EMT for differentiation and advance in tumor progression 77 .

PERSONALIZED MEDICINE AND MOLECULAR

CHARACTERIZATION

Understanding the underlying mechanisms of cancer and disease progression is the key to develop effective treatment and deploy to most responsive patients. Cancer exhibits certain common hallmarks, however it may be caused by different factors and have different molecular signatures. This changes the way it is diagnosed and how it is treated. Hence the best way of eradicating cancer is accounting all the differences at molecular, genetic and immunologic level and to apply the treatment in more 'personalized' way targeting the specific signatures rather than using a more generic treatment for all types of cancer. This approach relies on the identification of molecular pathways and target markers which are unique to each cancer types and even each patient.

Different strategies have been incorporated to develop therapeutics such as 78 revealing the molecular profiling of the tumor, defining single or multi-gene expressions for response or resistance to a particular drug, development of targeted therapies to inhibit certain molecular pathways, and vaccine therapies 79 treating the disease by patients own immune system.

As discussed before, tumor heterogeneity is suggested to be results of CSC model and/or clonal evolution. Heterogeneity has already been reported in many cancers between patients with the same type of cancer or between tumours of different tissue and cell types, (intertumor heterogeneity) 80 and also within the same patient between primary and matched metastatic tumor or within the same tumor of an individual(intratumor heterogeneity) 81 . These distinct subtypes are different in disease progression, response and tolerance to the treatment. Hence accurate identification of subtypes with distinct molecular profile is crucial by measuring biomarkers that can relate to outcome of the disease or of the treatment. There are different kinds of biomarkers: prognostic, predictive and pharmacodynamic (Figure 5). Prognostic biomarkers are used to evaluate the disease-free or overall survival and risk or recurrence 82 . Predictive markers are able to assess the response to the given therapy 82 . On the other hand pharmacodynamic biomarkers can measure the effect of the drug on the disease. These markers should be extensively analyzed to confirm their clinical relevance and analytical validation. By selecting the patients who would likely benefit from particular therapy based on these biomarkers will not only increase the efficacy of the treatment but also help to avoid unnecessary adverse effect of drugs. Moreover, biomarker based drug selection has a substantial influence on cost. For example, it has been reported that erlotinib treatment was much more costeffective if it is used on patients having high EGFR (Epidermal growth factor receptor) copy number 83 . Though there is still a debate whether overall cost will be reduced due to the high cost of identification of biomarkers and development of targeted therapies. Further studies have shown two more subtypes under the basal like (triple negative for ER, PR and HER2) subtype in which claudin-low tumors show a gene expression profile similar to mammary stem cell with EMT positive markers and molecular apocrine tumors are positive for androgen receptor (AR). All these six subtypes have different sensitivity against treatments but these behaviors have to be clinically validated. For example, HER2 positive tumors are found in %20-25 of the breast cancer; they are identified by the amplification of Her2 gene. This category of patients are associated with poor prognosis 84 and the patients are more likely to benefit from the targeted therapy called Trastuzumab 85 .

To distinguish subtypes, different analytical approaches were used by Cancer Genome Atlas (TCGA) such as genomic DNA copy number arrays, DNA methylation, exome sequencing, messenger RNA arrays, and microRNA sequencing and reverse-phase protein arrays 86 . This covers different molecular profiles at genomic, epigenetic and proteomic level present in each subtype so that specific protein expression and signaling pathways could be used for a therapeutic target. Moreover a breakthrough in development of sequencing methods; nextgeneration sequencing, has unveiled variety of recurrent point mutations, translocations, small insertion or deletions, duplications or amplification in DNA at a large scale that can be attained to predict prognosis or drug response 87 .

By accurately identifying the biomarkers and having molecular characterization of cancer relating to the distinct subtypes of cancer, several different strategies could be used for treatment. For example, therapies could be combined to target more than one pathways, one inhibiting the primary progression driver and the other inhibiting the upfront signaling mediating the resistance for the treatment 81 . An alternative way is that the simultaneous adaptation is made to the therapy after development of the resistant clone or any treatment related perturbations occurs, which is termed as adaptive therapy 81 . Another way could be by targeting the tumor environment such as inhibition of angiogenic switch or interaction between stroma and cancer cells.

A critical aspect of personalized medicine is how the patient responds to the targeted therapy at the single person level. All these identified genomic and proteomic signatures do not directly reflect the phenotype of the tumor or the activity of the drug and this limitation is addressed by assays termed as 'next-generation functional diagnostics 88 . To predict the behavior of the drug response, one should consider all the components of the complex system of cancer such as proteins, metabolites, genes, interactions of gene-RNA, proteinprotein and RNA-protein and this cannot be provided by the only genomic information.

Already studies are performed to yield the resistance patterns by analysis on biopsies before and after treatment or monitoring the circulating tumor DNA during the treatment, yet they do not provide immediate response against the administered agents. These functional assays are now emerging to screen cytotoxicity, efficacy of potential targeted therapies, tumor responses such as FACS (Fluorescence-activated cell sorting)for measuring multiple pathways simultaneously, 3D organoid derived from patients to screen cancer-relevant drugs and CTCs for monitoring the treatment response and drug screening 88 . One of the promising examples of these assays is patient-derived xenograft (PDX) mouse models in which tumor biopsy from the patient is implanted into an immunodeficient mouse and expanded which gives the advantage to have some of the histological properties, gene expressions and somatic genetics from the patient. These models allow testing the drug efficacy and also started to be used in selecting therapies. Hence in the ideal world, functional assays will be used on the patients' samples before the therapy achieving a best 'personalized' treatment. However, each technique still has its own limitations and has to be further tested for analytical and clinical validation and clinical utility.

CIRCULATING TUMOR CELLS AND PRINCIPLE OF EPHESIA DEVICE 2.1 CIRCULATING TUMOR CELLS

Metastasis is the late stage of cancer progression that causes mortality in 90% cancer patients 1 . During metastatic cascade, which was detailed in section 1.2, it is suggested that the successful metastatic initiation depends on the survival of circulating tumor cells (CTCs) as well as the other criteria discussed before. Circulating tumor cells were first observed more than 100 years ago by Thomas Ashworth in the blood of a deceased patient who had around 30 subcutaneous tumors 2 . By this finding he had posited that 'cells identical with those of the cancer itself being seen in the blood may tend to throw some light upon the mode of origin of multiple tumours existing in the same person'.

However only in the last decades studies have focused on the detection of CTCs and their clinical significance. Indeed, circulating tumor cells hold great potential for cancer management in many aspects in understanding the biology of metastasis, assessing the disease progression and choosing the therapy.

IMPLICATIONS OF CTCS IN CLINICS

Circulating tumor cells are the cells that shed from the primary or secondary tumor sites into the blood circulation 3 . It has been reported that CTCs have been detected in various carcinomas such as breast, prostate, ovarian, colorectal and lung but not in healthy or non-malignant objects 4 . So CTCs are now widely recognized as potential circulating biomarker for companion diagnostics. Their enumeration in patients with metastatic cancer 5,6,7 and also in localized cancer patients 8 can indicate association with poor survival or high risk of disease progression. Besides, following the number of CTCs during the course of treatment can help to adapt the selected therapy and predict the treatment efficacy 9 . On the other hand molecular characterization can provide patient stratification and identifying the therapeutic targets 10 .

CTCs are now validated to be used as prognostic marker in clinics at baseline before treatment/surgery. One of the earliest study has demonstrated that counts of CTCs can be used to predict both overall-survival (OS) and progression-free-survival (PFS) in the metastatic breast cancer independent of the time to metastasis, the metastasis site , the status of hormones receptor and the type of treatment received 5 . The study included 177 patients and has determined that the patients who had more than 5/7.5ml blood CTCs counts at baseline showed a shorter PFS compared to the patients having less than 5.

Besides, this manner was persistent after the treatment. Independent prognostic value of CTCs has been also confirmed for metastatic castration-resistant prostate cancer 6 (Figure 2-1-1-A) with the same threshold of 5 CTCs/7.5ml blood and metastatic colorectal cancer 7 with threshold of 3 CTCs/7.5ml blood. CTC enumeration is also found to be superior to anatomical or functional imaging as it is a more reproducible and a more robust marker for overall survival estimation and gives relevant results earlier than the radiographic imaging 11 . Furthermore F.C. Bidard et al have further confirmed the compelling power of CTCs as an independent prognostic marker with a pooled analysis of individual metastatic breast cancer patients' data collected over 9 years from multiple centers 12 . This study shows that the prognostic value is not restricted to the subtypes of breast cancer and has also suggested that CTC enumeration could be replaced by serum marker testing since monitoring serum changes between the follow-up did not significantly improve the prognostication. Indeed serum marker testing is recommended by international guidelines 13 during the first week of treatment for metastatic breast cancer Monitoring the CTCs count during the treatment also provides prognostic status of the disease. A reanalysis of trial IMMC38 data has correlated the high number of CTCs and high concentration of lactate dehydrogenase with short survival in metastatic castrationresistant prostate cancer patients at the baseline. Moreover only fold change of CTC counts was a very strong prediction of survival after the treatment (evaluated at the weeks of 4, 8 and 12) whereas changes in prostate-specific antigen (PSA) concentration was very weakly or not associated with the survival 14 .Similarly another trial had been set up to predict the patient outcome according to CTC changes 15 in metastatic breast cancer at baseline and after some cycles of first-line of chemotherapy with/without targeted therapy.

They showed that increased CTCs counts were both correlated with overall and progression free survival depending on the threshold of ≥5 CTCs (Figure 2-1-1-B). These evidences suggest that CTC counts as follow-up time points might be used to decide whether to continue the treatment or not as they are indicator of disease progression, thus improving the cancer management.

CTCs are also suggested to be potential markers as a surrogate endpoint by IMMC38 trial 14 and others clinical trials 16,11 . Surrogate endpoints/markers are defined by Food and Drug Administration (FDA) as 'the laboratory measurement or physical sign that is used in therapeutic trials as a substitute for a clinically meaningful endpoint that is a direct measure of how a patient feels, functions, or survives and is expected to predict the effect of the therapy' 17 . For example, due to the fact that the PSA level measurement is not sensitive and specific enough to predict survival 16 , this test could be replaced by CTCs count thus shortening the timeline of drug approval. However the possibility of using CTCs as surrogate markers should be further proved in clinical trials.

Another potential utility of CTCs is as predictive marker assessing the response of a specific drug to select the therapy. Ideally, CTCs counts at baseline and follow-up time points would be used to switch the therapies earlier leading to avoid the unnecessary cytotoxic side effects and money; instead, use this time of treatment to benefit more efficient therapies. This could significantly increase the quality of patients' life and advance the personalized therapy approach. There are several ongoing and finished trials investigating the role of CTCs in this regard. A trial called SWOG S0500 has reported their results on the metastatic breast cancer patients' benefits from second-line chemotherapy depending level of CTC. In this study, patients who have higher than 5

CTCs were given a first-line therapy and after 21 days, if the patients have still ≥5 CTCs count, their therapy was changed and if the patients' CTC levels are under the threshold, they have kept their initial therapy. Unfortunately the results did not show any improvement in prolonging the overall survival compared to the patients who did not changed to the alternative therapy 18 . Though there are evidences parallel to earlier studies showing that <5 CTCs levels indicates better prognosis compared to higher levels. A more complicated trial has been initiated at Institut Curie called STIC CTC METABREAST in February 2012 to address medico-economic influence issues of involving CTC count for choosing the first line treatment for metastatic, hormone-receptors positive, breast cancers. The data collection is expected to be finished in March 2016 19 . This study is randomizing the metastatic breast patients who have not received any treatment in two arms in which one will be treated by clinician choice and the other will be determined by the CTC counts. The patients who have ≥5 CTCs will receive chemotherapy and others endocrine hormone therapy, in this way patient could be stratified better and receive less cytotoxic treatments.

Another detailed trial study program called DETECT is aiming at defining the importance of molecular signatures of CTCs in metastatic breast cancer patients for both choosing the therapy and evaluating drug response with a long term follow-up controls 20 . The study is focused on the HER2 receptor status of CTCs and/or primary tumors. Settings of the trial could provide significant information on overall status of the disease progression since primary tumor status does not always represent the whole situation. Beside the study involves translational projects in order to identify additional markers to target. For example they plan to detect the presence of activated mutations of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway. This mutation has been associated with the resistance to HER2-targeted therapies and inhibiting the phosphorylation is suggested to be a potential pharmacodynamic marker for HER2-targeted therapy 21 . Therefore, looking for specific molecular characteristics such as detecting specific mutation in CTCs and selecting the treatment relying on molecular signatures will definitely raise better personalized therapy.

So far, the trials mentioned here above included advanced metastatic patients, however, the prognostic value of CTCs have also been demonstrated in non-metastatic breast cancer patients 8,22 . In an earlier study, even a threshold of ≥1 CTC/7.5ml was found to have overall survival prediction value in non-metastatic breast cancer patients before neoadjuvant chemotherapy which might indicate development of subsequent metastasis 22 . Moreover another study has demonstrated clinical utility of CTCs in Chronic obstructive pulmonary disease (COPD) before clinical detection of lung cancer 23 . COPD patients are at high risk for developing lung cancer and this study showed that CTCs are detected in %3 COPD patients before a detectable nodule using computed tomography (CT) imaging method.

Following CTC-positive patients during 1-4 years by CT scans revealed development of nodules which were later resected showing no tumor recurrence for a 12-month period.

This study emphasizes potential of CTCs for early diagnosis of lung cancer as companion to imaging for high risk patients.

All in all, we are still far from applying these ideal frames as recommended guidelines since validation of clinical utility of CTCs is necessary. Yet these trials bring the application of CTCs one step closer to be deployed in treatments with more personalized approach.

As discussed earlier, tumors are not evolved homogenously and contain subpopulations of cells differing at genetic, phenotypic and epigenetic level. Various phenomena such as clonal expansion, cancer stem cell model and epithelial-to-mesenchymal transition that contribute this fact had already been explained in chapter 1. These distinct subpopulations of cell also endows different characteristic as tumor evolves like resistance to apoptosis or invasiveness. These features are often investigated on the primary/metastatic tumor sample 24 and therapy selection maybe based on these results. However as the disease is progressed, the molecular signature of primary and metastatic sites (intra-tumor heterogeneity) can diverge and besides resistance to therapy can be gained after the treatment. Therefore solid tumor biopsies may not always represent the global evolution of the disease, thus there is need of simultaneous monitoring of the patients. Moreover, subsequent tumor biopsies are invasive and impractical. In this regard, CTCs offer great advantages as liquid biopsy which is much easier to obtain and less invasive. Furthermore as CTCs are considered to travel between bone marrow, primary and metastatic sites 25,26 , it is wider window to evaluate the tumor heterogeneity than a biopsy from a single tumor.

Most importantly, the biology of CTCs can shed light into the biology of metastatic cascade whether cancer cells have to go through EMT/MET transitions to circulate in the blood stream or they rather simply extravasate from the bulk tumors as epithelial cells. It has been reported in many studies that CTCs exhibit mesenchymal markers partially together with epithelial markers (e.g. vimentin, N-cadherin) 27 or highly positively losing their epithelial marker (e.g. cytokeratin) 28,29 with various cancer types. Remarkably, the dynamic changes in epithelial and mesenchymal expression has been documented as a response to the therapy or progression of the disease 30 suggesting that EMT features in CTCs may possess potential predictive markers or be targeted for drug discoveries. However, this plasticity of CTCs may hamper the efficiency of some of the CTC capture technologies and sensitivity of detection methods 31 which will be explained later in this section. Similarly, CTCs having stem-like properties have been demonstrated 29 and identification of this population can reveal important information on the metastatic capacity of cells, what kind of role they play in the metastatic cascade and disease progression and whether cancer stem cell model is applicable or not (the cancer stem cell model 32 suggests that tumors are derived from the cancer cells that is highly tumorigenic and their progenies that is nontumorigenic). However, the subpopulations of CTCs possessing stem-like properties have been correlated with poor prognosis 33,34 and confers resistance 35 . Thus molecular characterization of CTCs is very crucial and it would be much better to complement to the enumeration analysis.

Other than the molecular profile, physical nature of CTCs in bloodstream has attracted attention recently. For example, a study showed the existing of cluster of CTCs, also called microemboli (CTM) in metastatic lung cancer patients, rather than being as single cell in bloodstream 36 and surprisingly CTM did not show any apoptotic nuclei in contrast to CTCs suggesting that being in cluster is more advantageous. They later were able show prognostic value of CTM associated with poor survival 37 . The fact that CTM has no apoptotic signature hypothesizes that during the circulation they continue to divide and also might be relatively more resistant to therapies. Though, it is still little known about CTM, so it is still under debate whether these clusters are artifacts of CTCs isolation process.

In addition to CTCs, another blood based circulating biomarker, circulating tumor DNA (ctDNA) is now widely considered as complementary to each other providing different information depending on the application 38,39 . DNA fragments so called Cell-free DNA (cfDNA) shed into the blood stream from dying or necrotic nonmalignant cells which are normally found at a very low level (25ng cfDNA/ml). This phenomenon is also observed in cancer patients referred to circulating tumor DNA (ctDNA) that might shed from primary or metastatic tumor and as well as from CTCs. ctDNA constitutes <0.1% to >10% of the cfDNA in blood 38 and levels of ctDNA depends on the cancer type, tumor burden, stage and accessibility to the blood circulation and changes even in the patients with the same cancer type. Yet the relative ctDNA levels have been correlated with tumor burden and response to therapy within in an individual patient. An important information that ctDNA can provide is detection of tumor specific genetic aberrations such as point mutations, copy number changes or rearrangements 38 . These analysis of genetic changes could be done by either targeting specific set of genes which are already associated with certain therapy resistance or using untargeted approaches using whole genome analysis e.g. to unravel novel drug resistant mutations 39 . A variety of technologies has been developed to analyze tumor genetics such as droplet-digital PCR or next-generation-sequencing which will not be further discussed here. Even though ctDNA field is relatively new and detection technologies might have some limitation in terms of specificity and sensitivity, ctDNA has been implicated in cancer diagnosis, prognosis and cancer management 40 . For early cancer diagnostic, field of ctDNA has limitations due to low concentrations but it shows stronger potential for advanced cancer patients. For example, by detecting ctDNA levels in patients of colorectal cancer, their relapses could be detected months before compared to conventional monitoring 39 . ctDNA has also been utilized to monitor targeted drug responses and as well as to track clonal evolution. Moreover ctDNA test for EGFR mutations in non-small cell lung cancer (NSCLC) patients has been approved to stratify patients for first line gefitinib treatment where ctDNA could be used for mutational analysis if tumor tissue is unavailable 39 . Similar to use of CTCs, clinical relevance and utility of ctDNA should be further validated to be used routinely in clinics. Furthermore, circulating exosomes are now being studied as a source of tumor derived nucleic acids and proteins. Exosomes are encapsulated extracellular vesicles secreted from cells and as well as tumor cells containing DNA fragments and proteins 41 . The isolation of these entities would help to monitor cancer and provide information on tumor specific DNA, RNA and protein content without contamination of non-cancer exosomes 41 .

As discussed earlier, molecular characterization has limited output in terms of functionality.

Recent studies started to focus on the emerging functional assays 42 Obviously, CTCs are very powerful tool for extracting functional data for finding predictive and pharmacodynamic markers, however extensive studies should be performed to improve their clinical relevance. All in all, CTCs are implicated significantly in either clinical studies to improve personalized medicine or fundamental studies to better understand the biology of metastasis. All these aspects could be revealed not only by enumeration but also by studying genomic, phonotypic and functional features of CTCs by subjecting them to numerous different assays such as immunostaining, sequencing or functional cell culture methods 51 .

FEATURES OF CIRCULATING TUMOR CELLS

Circulating tumor cells can be considered as liquid biopsy as they represent a wide range of heterogeneity of tumor progression and a blood sample can be obtained much easier, faster and less invasively than solid biopsy. However they are extremely rare in the bloodstream, estimated between 1-10 CTCs among 6×10 6 leukocytes, 2×10 8 platelets and 4×10 9 erythrocytes per one mL of blood 4,52 which makes their isolation very challenging.

Besides the challenge related to their low concentration, CTCs are known to be short-lived.

They can be present in the bloodstream only less than 24 hour after surgical resection of patients with localized cancer 53 . In another study, the half-life of CTCs was estimated between 1 to 2.4 hour 54 . Also they start to degrade rapidly after the blood has been withdrawn from the patient 3 . Therefore the storage of the blood sample until processing is vital for detection.

So far there is only one FDA approved instrument for enumeration and detection, CELLSEARCH® (Janssen Diagnostics) 55 . So their criterion for definition of CTCs is now widely accepted. The system defines CTC as any epithelial origin cell that is positive for EpCAM (epithelial cell adhesion molecule), and cytokeratins (CK) 8, 18, and/or 19 and negative for CD45 (a surface antigen specific for white blood cell) having a diameter greater than 4 μm with intact DAPI (4',6-diamidino-2-phenylindole) nucleus staining.

Nonetheless, the definition of CTCs is not perfectly explicit and there may be false-positive and false-negative examples of cells failing the definition. For example, a study showed the detection of circulating epithelial cells that met tumor cells criteria in samples of benign colon diseases patients 56 . Other study showed the presence of CK and CD45 positive cells which is suggested be due to artifacts of long storage period of blood specimen and prognostically irrelevant 57 . Moreover, in the bloodstream there are endothelial cells which are not tumor cells but CD45 negative 31 . Also EpCAM is a biomarker most often considered for epithelial state but it is has been reported that EpCAM gives calcium-independent adhesive properties to fibroblast cells 58 . Another source of false-positive result may come from the fact that activated leukocytes may actually express epithelial markers and indeed these activated white blood cells (WBC) are found at high frequency in cancer patients 59 .

At a higher level of complexity, the expression levels of epithelial markers varies among the all cancer (sub) types, by time, the state of progression of disease and as result of treatment 3 . Furthermore, as discussed before, epithelial cell may undergo epithelial-tomesenchymal transition and partially or completely lose their epithelial markers. Therefore, identification of more specific markers for CTCs is still warranted.

Thus, revealing the specific features of CTCs is critical for isolation and detection methods in terms of specificity and sensitivity.

ENRICHMENT METHODS FOR CIRCULATING TUMOR CELLS

As mentioned before CTCs are extremely rare in blood and therefore it is very challenging to isolate them. The clinical importance of CTCs has attracted great attention and a tremendous effort is being made to develop novel technologies for isolation, capture or characterization; numerous methods are already developed 60 and many other are still under development. There are various principles used for enrichment of CTCs, either based on their biological or physical properties, involving microfluidics or not. Here in this section, these methods will be explained very briefly since the scope of this thesis is to improve an existing capture device not to develop a completely new design. For more extensive information about CTC capture/enrichment technologies can be accessed from some recent reviews 31 61 .

The methods described here can be sorted out on the basis of which feature is used to enrich (biological or physical) and whether microfluidic approach is involved or not. 

General scheme is depicted below in the

Density Gradient Reagent / Negative Selection

One common approach is to use density gradient reagent (Ficoll) and separate the peripheral blood mononuclear cells (PBMCs) as a layer from RBC and other polymorphonuclear cells by centrifugation. Ficoll forms a barrier between the cells having different density so PBMCs lie on the top and the other cells stay on the bottom of this reagent. This method could be used to pre-enrich the CTCs and PBMCs but further isolation or detection techniques are necessary. Additional separation of lymphocytes and monocytes could be achieved by RosetteSep ™ combined with Ficoll. This assay uses tetrameric antibody complexes against both RBC and WBC, so remaining layer is enriched by non-hematopoietic cell, containing CTCs. This method is mainly used as an enrichment method which can then be combined with other techniques. for morphological features 63 . Moreover, it has been determined that at least 7.5 ml of blood should be processed to be clinically relevant. The system is reproducible however; it yields in a relatively low number of cells which might be due to loss during the multistep batch processing and inefficient separation of cells among the dense population of unbound cells.

Immuno-Affinity Based Isolation / Positive Selection

There are other immunomagnetic approaches which are batch processing. The first one is the MACS® technology from Miltenyibiotec. The cells of interest can be either positively or negatively enriched by high-gradient magnetic cell sorting (MACS) in which cells are labeled with immunomagnetic beads and passed through a column having a matrix which amplifies the magnetic field. By this method, CTCs could be positively enriched by 10 5 fold from leukocytes by CK8 labeling and detected by flow cytometry, fluorescence microscopy, or immunocytochemistry 64 . However this method is limited by inefficient purity of leukocytes.

Another method called MagSweeper uses a magnetic rod to capture immunomagnetically labeled cells by moving around inside the diluted blood sample 65 . It can process 9ml of blood in one hour with 10 8 fold enrichment but relatively low efficiency, captured >50% of circulating epithelial cells in spiking experiments. An interesting example of a similar method is the device called GILUPI CellCollector® which uses a 16-cm medical stainless steel wire functionalized with anti-EpCAM antibodies. It is inserted into veins for 30 min and collect CTCs from about 1 L of blood 66,67,68 . CTCs can be detected by immunofluorescence, protein analysis, qRT-PCR, FISH and sequencing. This method could overcome the limited volume of blood sample processed with other methods.

Moreover, flow cytometry/FACS (Fluorescence-activated cell sorting) is one of the methods used for CTCs sorting. Basically, cells are sorted according to their surface antigen expression. Immunolabeled cells are confined in a fast flowing stream of fluid where each cell is placed into droplet at a separate distance through passing a nozzle tip. The droplets are then charged and labelled cells can then be analyzed according to their conjugated fluorescence as they pass through a detector. Desired cell entity is then collected by deflecting droplets according their charges if cells are stained by the target marker.

However this technique is highly limited for sorting rare cells like CTCs from whole blood due to its low throughput. Also these devices are highly complex and expansive. Besides cross-contamination and loss of cells may occur in the device 60 . Negative enrichment method by density gradient can also be combined with FACS, to isolate CTCs based on cell surface markers. By this method viable CTCs could be enriched and can be further cultured or injected to generate xenograft models 34,69 .

Size / Deformability Based Isolation

Isolation according to the size is also one of the highly frequently used approaches, which is based on the fact that the WBCs are smaller than the CTCs. One of the first developed microfiltration device is called ISET (isolation by size of epithelial tumor cells), their method was able to capture/count and perform molecular characterization with a sensitivity of even one single CTC spiked into 1 ml of blood 70 . CTCs are trapped on the filter and the rest of the blood cells are passed through with the device composed of 8μm of pores on 0.6 cm diameter surface area with 12 individual wells made of polycarbonate membrane. Several different downstream molecular characterizations can be applied such as fluorescence in situ hybridization (FISH), reverse transcription polymerase chain reaction (RT-PCR). This method has been validated for several cancer types however its limitation is the clogging of cells on the filters.

In general size based methods suffer from a wide range of CTCs size that overlaps with WBCs size. There are various technologies based on size in general using different size of pores or configuration of filters. For example a microfiltration device used conical-shaped holes (smaller pores on top and larger pores on the bottom) to improve WBC and RBC removal and avoid clogging 71 . This design helps to reduce retaining of unwanted cells thanks to small differential pressure between the upper and lower pores and as well as to conserve CTCs viability reducing shear stress applied on cells. A capture efficiency of 95% with spiked cell samples in both PBS and blood was achieved having around %96 WBC clearance efficiency in which cells are shown to be viable for further culture. The device was validated with various cancer patients' samples including breast, lung and cervical cancer. Another design also addresses problems of clogging and cell damage occurs in filtration methods, Harouaka et al. described a flexible micro spring array (FMSA) with maximized porosity reducing the shear stress and conserving cell viability with an increased throughput 72 . The device achieved to have %90 capture efficiency and >10 4 enrichment with blood samples in <10 min sample processing. Moreover some of the technologies also include deformability property in their approaches in which CTCs are stiffer than WBCs. For example Hur et al have presented a microfluidic system that separates more deformable cells of interest in a continuous flow achieving an equilibrium that positions cells according to their size/deformability 73 . With this method, a depletion of WBC can be performed with a high-throughput and label-free manner.

Microfluidics Based Isolation Systems

A very attractive way of isolation of CTCs is to integrate microfluidics. In the last decade, microfluidic applications of CTCs have increased tremendously. Microfluidics offers several great advantages for this field 3 . Maybe the most practical point of it is that the whole blood samples can be directly processed in the microfluidic devices by using specific flow designs which augment the antibody-cell adhesion 38 . Besides, unique flow features expose the cells relatively low shear stress allowing higher yield of viable CTCs 74 and thanks to the capacity of multiplexing the assays on small footprint devices, high throughput analysis could be achieved more easily. Moreover, low volume of reagent consumption and short analysis times with automation is another plus. Lastly and most importantly, both isolation and detection analysis can be integrated resulting in highly efficient biomedical devices for diagnostics 74 . Moreover microfluidics can also combine different methods, thus opening ways to novel approaches. There is enormous variety of microfluidic examples for CTCs isolation and detection, only several of them will be described here.

One very early example of size based microfluidics is the concept of deterministic lateral displacement 75 . The idea simply is following: the smaller cells follow the streamlines in a more downward manner through a periodic array of obstacles where the diameter is below a certain value dependent on the obstacle size and the width between the obstacles.

Whereas the cells of bigger size are 'bumped' into a next streamline in which obstacles are placed in a shifted manner leading to continuous separation by displacement from the initial position. Another microfluidic example, geometrically enhanced differential immunocapture (GEDI), used both immunoaffinity and size based approach to capture of CTCs from whole blood of prostate cancer patients 76 . The device made of silicon and glass had a design containing obstacles which are shifted for size dependent trajectories and also functionalized with an antibody for prostate-specific membrane antigen (PSMA). By this way, bigger size of cells has enhanced interaction with antibodies whereas small size WBCs has less contact. They have shown a capture efficiency of ~85% of spiked prostate cancer cell line into blood. Later they have shown also to study of drug resistance on the cultured CTCs from prostate cancer patients 43 and HER2-targeted capture of CTCs from breast cancer and gastric cancer patients 77 . The change of antibody target show flexibility of the device but still it is limited to usage of only one kind of antibody.

Another approach for size selection based isolation is to take advantage of inertial forces focusing the cells. In the microfluidic devices laminar flow is persistent meaning no turbulence is observed due to small size of channels and in these geometries particles are subjected to inertial forces: shear-gradient lift force directing them toward the channel walls and a wall effect lift force that repels the particles towards the center of the channel 78 . In rectangular or square channels, these forces can focus the particles at two or four different positions. Combining this phenomenon with a multiple expansion-contraction reservoirs placed in series and parallel, micro-vortices can be generated within the reservoirs to trap cells.

Cells that are larger than a certain cut-off value are trapped in these vortices due to the fact that bigger cells experience larger shear-gradient lift force while for smaller cells it is negligible so that they continue to flow in the streamlines. This method is advantageous for separating WBC and RBC in obtaining label free viable CTCs. Vortex chip uses this inertial phenomenon to separate CTCs. Earlier design is made of polydimethylsiloxane (PDMSelastomer) and compromised 64 reservoirs, with 8 paths in parallel and 8 reservoirs per path. This design has been recently re-optimized achieving improved capture efficiency around 83% of spiked cell lines into blood and high purity (avg. background of 28.8±23.6

white blood cells per mL of whole blood) 79 . Ideally a marker for CTC isolation should be expressed in all CTCs but not on other components of blood and never lost during the invasion and circulation process 31 . For example, epithelial surface expressions are decreased during the EMT process. This might be overcome by the combination of several antibodies such as organ-specific marker.

Different physical features of

Besides, the sensitivity might be affected by the inefficient antibody-cell interactions and depending on the method; the retrieval of the cells might not be easy or even impossible, which is very important for the downstream analysis. Thus, methods based on physical properties of CTCs could compromise the limitation of affinity based methods. However, they also suffer from limitations; for example, filter-based approaches suffer from the clogging problems and cells size polydispersity 52 . It is usually considered that CTCs have diameter larger (>8μm) and are less deformable than the WBC. However it has been reported that actually CTCs size varies and there are smaller CTCs than the leukocytes and considerable overlap in size between two populations 86,31 . Also CTCs could become as deformable as leukocytes while undergoing EMT 31 . Besides stiff filter materials might exhibit hemo-dynamic stress on cells leading to reduced integrity of cells 38 . Though, now more flexible materials have been reported to be used allowing minimized cell damage 72 .

Additionally, for some methods, non-specific cell retention is a major limitation due to prefixation processing 69 . Inertial microfluidics could address the limitation of low volume processing with high throughput; however they often restricted by low specificity of isolated cells due to contamination of white blood cells 69 . Other methods emerging lately also have limitations for example many of the methods using electrical and mechanical is based on culture cell lines and more clinical studies have to be performed with these technologies.

In conclusion, up to date there is no ideal CTCs isolation technology, however, with the combination of the several methods, significant improvement could be achieved. Moreover, some technologies may be superior to another for specific applications, for example one is more suited to enumeration but other for molecular characterization. Besides, more than one assay could be required for a given patient depending on the context. Therefore a selection of methods depending on the necessity could be chosen, thereby improving personalized treatment.

PRINCIPLE OF EPHESIA DEVICE FOR HIGHLY SELECTIVE CAPTURE OF CIRCULATING TUMOR CELL

In this section, the principle of previously designed Ephesia chip will be described. The technology itself has been already optimized and validated by former Ph.D. students 87,88,89 ,where I have partially participated. Given the objective of this thesis which is high content analysis of circulation tumor cells, this technology has been developed even further enabling molecular characterization and identification of subpopulation of CTCs. These improvements of the device will be explained more in details in the next two chapters.

The basis of this technology, using self-assembled magnetic columns had been established many years ago [START_REF] Doyle | Self-assembled magnetic matrices for DNA separation chips[END_REF] for quantitative separation of DNA by self-assembled magnetic matrixes [START_REF] Minc | Quantitative Microfluidic Separation of DNA in Self-Assembled Magnetic Matrixes[END_REF] and then for immunotyping of B-lymphocytes allowing analysis of B-cell malignancies from blood, pleural effusion and fine needle aspiration (FNA) samples 87 . Over the years, the idea of using self-assembled columns had been elaborated and the system, so-called Ephesia, was evolved for capturing rare circulating tumor cells.

Our Ephesia system relies on immunomagnetic enrichment in which cells are selectively captured on an array of self-assembled magnetic columns composed of magnetic beads functionalized with anti-EpCAM antibodies 89 . This method shifts the paradigm of bulk immunomagnetic capture to microfluidics based sorting with magnetic columns acting as sieves. 87,[START_REF] Minc | Quantitative Microfluidic Separation of DNA in Self-Assembled Magnetic Matrixes[END_REF] . Yet this narrow distance is not suitable to sorting eukaryotic cells having a diameter larger than 5μm. Provided by this phenomenon, Ephesia system was further developed by taking into consideration two major criteria, i) organization and stability of columns allowing highly efficient capture, ii) design and size of the system in order to process high volume of sample detecting rare events.

MICROPATTERNING OF MAGNETIC COLUMNS

Earliest application of the magnetic columns had been based on their simultaneous selfassembly without any template defining position [START_REF] Minc | Motion of single long DNA molecules through arrays of magnetic columns[END_REF] . However, for CTCs sorting, it is necessary to have predefined pattern of columns. This is necessary to define an optimized pattern to achieve efficient sorting by increasing the probability of contact between the cells and the columns. Indeed the magnetic columns can be placed in a desired organization by patterning the surface of the channel using permanent magnetic beads. Moreover, this pattern creates concentrated magnetic field when external uniform magnetic field is applied thereby leading to a stronger anchoring of beads to the surface. Moreover, micropatterning of surface also helps to sustain the columns more firmly against higher flow velocity.

In Ephesia system, the micropatterning was first done by microcontact printing 87,93 in which the magnetic ink on a PDMS stamp is brought in contact with the glass surface. Later an alternative way had been used for depositing the magnetic particles on patterned surfaces, capillary assembly [START_REF] Malaquin | Controlled particle placement through convective and capillary assembly[END_REF] , in which columns have better resistance to flow compared to the first method. 

DESIGN OF THE MICROCHIP

Early application of Ephesia had utilized simple straight channel design and it addresses the advantage of Ephesia for processing small volumes of samples compared to flow cytometry analysis 87 . However, CTC analyzing requires processing of at least 7.5 ml of blood and also in relatively very short time to avoid blood sample degradation.

Immunomagnetic based sorting uses the interactions of antibodies against the surface antigens of cell, so for efficient capturing the contact time cannot be below certain period of time and in microfluidics this parameter is defined by the flow velocity in which the limit is 0.3 mm/s in the Ephesia device 88 . Therefore with a definite velocity, to achieve a high flow rate, maximum height of microchannel would give the highest flow rate to process large amount of volume. Provided by the fact that the columns could sustain maximum mean flow of 1mm/s, to achieve optimal design, size of channels should be maximized considering the columns stability. So the device microchannel was determined to be one layer of 50 μm height also considering the complexity of the microfabrication 89 .

Moreover the optimization of footprint of the design had been necessary taking into account the following considerations: economy of the material used in the microfabrication, processing time of imaging as it increases with the size of region of interest (in our case the imaging is the key to identify CTCs by immunofluorescence) and necessity of having permanent magnet providing a uniform magnetic field throughout the whole area (the energy and the power needed to generate magnetic field being dependent on the size).

Finally, the design had been optimized to be on 5 cm 88 diameter of circular glass slide with two analysis area of 3.3 cm long and 3 mm width 89 .

However this raises the question of flow uniformity which is important to have uniform signal along the whole channel. In order to obtain a maximum loading capacity for given size of column and sample, all the regions of columns have to encounter the same volume of fluid so that the all columns reached to the saturation point at the same time with a maximum flow rate. This is also important in terms of reagent used in the biological assays allowing more reliable results in which all the cells captured meet with the same concentration of reactant. To do that, a series of COMSOL simulations had been performed

to obtain a homogenous flow by tuning the shape and the size of the flow channels.

Finally a diamond tree shape microchannel design had been generated as a final design from an initial traditional rhombus tree-like design. Tree-like design consists of channels spliced into two with the same length and width, so this design had been replaced by splitting of unequal sizes of length and width to have uniform resistance in all flow paths.

Eventually, with the all optimization, the chip can process liquid with 3 ml/h. Furthermore, additional optimizations of the chip have been made for the organization of arrays and filters in the inlet of the chip. Different kind of spacing of the magnetic array had been tested in order to obtain the highest capture efficiency with highest probability of collision of cells with columns; where the anchors are ordered in a straight line, hexagonal or a shifted pattern. No significant difference had been observed for the capture efficiency, so the array with hexagonal pattern was chosen with 60 μm spacing and a 15 μm diameter of circles. So in all capture chambers, there are 48 000 holes in array of 48 rows and 1000 lines 89 . In order to avoid the flowing of big dusts and debris of the cells into the chamber preventing the collapse of columns and clogging of the channels, some post had been added at the entrance of the inlet for filtering which is spaced with 50

μm 89 .
Magnetic columns are formed with an electromagnetic coil with water cooling system which is placed around the chip. A magnetic field of 30mT is generated by 4.5 A with the coil consisting 600 turns of 1 mm of insulated copper wire 89 , which is necessary to hold columns of 4.5 μm EpCAM coated beads.

VALIDATION OF EPHESIA DEVICE

Ephesia system had been already validated for high capture efficiency with both cell lines and patients samples compared with CellSearch System 89 . First, for an efficient capture, the sample processing method had been optimized for Ephesia device. Unfortunately, due its high viscosity, the whole blood cannot be directly processed in the device at high flow rate due to collapsing of the columns. Also high concentration of RBCs might affect the capture efficiency. Therefore, different approaches had been investigated to remove RBC: lysing them or using centrifugation separation. Lysis of RBCs had resulted in high non-specific capture of WBC due to fixation steps. However, gradient-based centrifugation method had yielded less non-specific capturing of WBC; moreover it helped to reduce the sample size dramatically while not changing the capture efficiency of the cells of interest. Yet, considering the viability of the sample, using semifixated conservative Cellsave tubes had given high non-specific capture of WBC. Thereafter, this problem had been solved by using RosetteSep method, as blood processing method, in which the cells are depleted by tetrameric antibodies both against WBC and RBC without any significant decrease in capture efficiency.

The system had been first tested with cell lines with various expressions of EpCAM spiked into PBS (phosphate-buffered saline buffer). Average of 90.6% ± 5.84% (n = 12) capture efficiency had been obtained for high EpCAM cell line (MCF7) with a range of shown to be reduced with cells spiked into blood samples, ~70%, but with very high specificity having only around 100 contaminating WBC cells with 10 ml of blood processed.

The capture efficiency in blood samples is lower particularly compared to filtration system such as FMSA 72 and microfiltration system with conical shaped holes 71 that have capture efficiencies respectively around 90% and 95%. But these systems show lower purity levels (14000fold enrichment, 96% WBC clearance) compared to Ephesia system having below 100 contaminating cells in a 7.5 ml blood sample. This could highly affect their ability to perform mutational analysis. However these kinds of system are more advantageous for subsequent culturing of CTCs which is very important for drug response studies. Ephesia system has limitation in this regard at this point in which captured cells cannot be removed from magnetic beads. Recently developed technology CTC-iChip combines both inertial microfluidics and antibody targeted WBC depletion leading to tumor antigen independent CTC sorting approach. As described before, either positive or negative selection method can be performed with this method. Ozkumur et al demonstrated the capture efficiency as around 97% for both epithelial and highly mesenchymal cell lines spiked into blood with negative selection mode which is unbiased by EpCAM expressions of cells. However this system also shows low purification, 2.5 log for negative depletion method but higher >3.5 log for EpCAM positive selection mode which allowed detection of EML4-ALK translocation by RT-PCR. A detailed investigation of capture principle on Ephesia had been already explained by the previous study so readers are referred to read the reference 79 for more information. The following criteria had been considered 89 : the surface density of antibodies on the beads, ii)

the thermodynamic affinity constant between the antibody and the antigen in the capture buffer, iii) the duration of the contact, iv) the hydrodynamic force exerted during contact, and v) the antigen expression levels on the cell membrane. The first two points are intrinsically fixed by the commercial EpCAM beads used in the system. The effect of time and the hydrodynamic force had been tested by using different flow velocity where no difference had been observed between 0.5 ml h -1 to 3 ml h -1 . Moreover, a particular capture profile had been observed depending on the expression levels of EpCAM, higher the level more cells are captured in the frontier rows and lower the level, the relative ratio of the capture efficiency decreases between the frontier rows and the latter.

Next the device had been tested with clinical samples from metastatic breast (N=5) cancer and metastatic prostate cancer patients (N=8) and had also been compared with

CellSearch system in a blind study. The results had shown that the CTCs were detected in 75% of prostate cancer patients and 80% of breast cancer patients. All in all, in 10 out of 13 samples, the results were similar or better than what obtained with CellSearch device. Moreover, Ephesia had been shown to be compatible with further downstream analysis such as mutation detection by conventional quantitative PCR analysis. The captured cells can actually be recovered from the system by simply removing the magnetic field and flushing the cells from the outlet. E545K mutation could be detected in MCF7 cells captured from spiking into the healthy blood samples at a level of as few as 13 cells.

All in all, Ephesia device offers great advantages for isolation of CTCs. First the system uses commercial antibody coated magnetic beads which can be easily produced in batch processing with a rather homogenous quality of beads and by simply changing the beads or mixing them with another antibody coated beads; one can broaden the range of target cells. Another unique feature of Ephesia is to have very high aspect ratio of column arrays creating a dense sieve giving possibility for cells to collide with the beads multiple times, thus increasing the surface area to be captured on a small footprint. Also, the chip can be easily fabricated by soft-lithography without needing of tedious antibody functionalization into the chip. Meanwhile, the system allows imaging at very high resolutions and/or low resolutions (10X) in an automated way. Lastly, the fixed captured cells can be recovered with a high quality to be processed for downstream analysis due to its high purity. 

SOFT LITHOGRAPHY AND FABRICATING THE CHIP

The chip is fabricated by replication of the structure from master mold with an elastomeric material, PDMS (polydimethylsiloxane). Simply, the PDMS monomers are mixed with curing agent and it is polymerized by baking it.

Particularly for our device, a ratio of 1:10 curing agent/polymer is used while baking it at 65°C. For the upper part, around 2 cm of PDMS is poured onto the wafer in the petri dish. After degassing the liquid in a vacuum pump to remove bubbles that could perturbs the structure, it is baked in the oven for at least 4 hour, usually for the sake of practicality it is left overnight.

For the bottom part, to allow the imaging at optimal resolution, a 150 μm layer of PDMS is spin-coated on the wafer with at 1000 RPM for 30 seconds, then baked for at least 2 hours in the oven. Once it is cured and demolded, the bottom layer of PDMS is placed onto a 5 cm of circular glass slide, after it is cleaned with isopropanol and treated with plasma for 30 second. After the cleaning and the plasma treating the glass slide, it is soaked in an excess of ethanol and then layer of PDMS is placed on it carefully, later on it is dried with air gun removing the bubbles and the liquid. Thereafter, for the bottom part, magnetic beads are trapped into the holes by capillary assembly (See 2.2.1) which will be explained in the next part. 

CAPILLARY ASSEMBLY OF THE BOTTOM PART

The beads are placed into the holes by capillary assembly method explained in section 2.2.1 . For the magnetic anchorage, 2.8μm of beads with carboxylic acid groups 

(

SURFACE TREATMENT OF THE CHIP

In order to avoid non-specific adsorption of antibodies, cells or the beads on the walls, the surface of the chip is treated with solution of PDMA-AGE 95,96 (Poly(dimethylacrylamide)-co-allyl glycidyl ether) (1% in water) for at least an hour to be efficiently coated just right after the chip is plasma treated and closed. The plasma treatment converts the hydrophobic surface of the PDMS to hydrophilic and this helps to better coat the surface with PDMA-AGE. Once the solution is injected, PDMS chip is pumped with 50mbar with all inlets and outlets closed to remove any air bubbles in the chip since PDMS is a porous material, air can be slowly evacuated. This reagent has been first used for coating of capillary electrophoresis to reduce the electroosmotic flow and the analyte-wall interactions [START_REF] Chiari | A new absorbed coating for DNA fragment analysis by capillary electrophoresis[END_REF] and it is kindly obtained from M. Chiari.

SELF-ASSEMBLY OF BEADS BY MAGNETIC FIELD

After the surface treatment is completed, the chip is rinsed with 500μl of PBS/BSA (1%).

After vortexing the vial, 50 μL of EpCAM coated beads (4.5 μm sizes, Dynabeads® Epithelial Enrich) is added into 1 ml of PBS/BSA-1% and resuspended in an Eppendorf tube. The tube is then placed in a magnetic holder for about a minute and the supernatant is discarded. Washed beads are finally suspended in 120 μl of PBS/BSA-1% and injected at around 50-100 mbar pressure into the chip while the magnetic field is off.

As soon as the beads fill the whole capture chambers at a dense concentration, the magnetic field is turned on with 4.5 A and 12.5 V to have around 30mT and the flow pressures is reduced immediately to have around 30μl/min. After all the columns are fed with the beads, the excess of the beads are first flashed away from the second inlet throughout to inlet that the beads were injected in order to clean the chip entrance from the beads that might cause to loss of cells. Then the excess beads within the chambers are washed away by rinsing with PBS/BSA-1%.

SAMPLE PROCESSING AND CAPTURE PROTOCOL

Spiking experiments are performed with various cell lines. After the cells are detached from the flask by Trypsin, a desired number of cells are suspended in around 200μl PBS/BSA-1% after required dilution factor from the initial solution. The aliquot is well dispersed with pipetting and then injected into the chip meanwhile it is important to apply vibrations to the tubing in order to prevent sedimentation of the cells.

After the capture, the chip is washed away again with PBS/BSA-1% to retrieve as much cell as possible from the entrance. Soon after, the cells are fixed with 4% of paraformaldehyde (PFA) for 20 minutes. This protocol is exactly the same for blood samples once PBMC pellet is retrieved from the blood after removing WBC and RBC.

The protocol for blood processing with RosetteSep™ Human CD45 Depletion Cocktail is listed down.

1. RosetteSep cocktails is mixed with blood and incubated for 20 minutes (50μl/1ml

of blood) at room temperature.

2. Blood is diluted by PBS-BSA2% at ratio of 1:1 3. Diluted blood is layered over density gradient medium (Ficoll-Paque PLUS) carefully.

4. The tube is centrifuged at 400g for 30 minutes at 20°C.

5.

The RBC and WBC are sediment at the bottom of the tube, while PBMC is present in the thin layer of ring between the plasma and Ficoll medium.

6. The ring is retrieved by pipette and is diluted with PBS-BSA2% and centrifuged at 90g for 10 min.

7. The supernatant is removed and the cell pellet is resuspended in 200μl of PBS-BSA1% solution.

STAINING PROTOCOLS FOR CTC IDENTIFICATION

After the fixation of the cells, the chip is rinsed with 400μl of PBS-BSA1%. Later the following incubation steps are followed to stain the cells with DAPI (Hoechst 33342) for nucleus, cytokeratin (clone AE1/AE3, DAKO, M3515) for intracellular membrane and CD45

(clone 2B11+PD/26, DAKO, M0701) where there is a washing step between each step.

The details of the protocols are shown in PhD student, Julien Autebert 89 . Simply, each corner of the capture chamber is defined to the software and the whole area is divided into series of rows and columns. Then for each area, images are taken sequentially with chosen objective (4X or 10X), later these pictures are stitched to each other to obtain the whole capture area. Depending on the selection, each area can be imaged with DAPI, FITC and CY3 sequentially with an automated focusing and defined Z stacks levels. For CD45 and CK staining images are taken with 5μm stacking.

TARGETING SUBPOPULATIONS OF CIRCULATING TUMOR CELLS WITH EPHESIA

Given the heterogeneity of tumors between primary and metastatic sites, various phenotypic subpopulations of CTCs would display different biological relevance at clinical level. Taking into account this fact, one objective of my Ph.D. project was to upgrade the Ephesia technology in order to be able to differentiate subpopulations of CTC. In this chapter the significance of identifying subpopulations and how new approaches could improve their isolation or characterization will be discussed.

IDENTIFICATION AND IMPLICATIONS OF SUBPOPULATIONS OF CTC

The importance of CTC isolation and their characterization has been already highlighted in previous chapter. It was also briefly explained that tumor evolves heterogeneously within primary tumor and the subsequent progression of tumor results in heterogeneity between patients with the same kind of cancer (inter-tumor) and between the primary and metastatic tumor sites (intra-tumor). This heterogeneity is also reflected in CTCs population, as having an important role for dissemination in metastatic cascade with different functional characteristics 1 . Thus identifying these subpopulations could reveal potential biomarkers for specific outcomes. Besides for a highly personalized treatment, one can monitor the patient disease progression in real time according to the shifting of subpopulations. Finally, seeking deep through intra-tumor heterogeneity, how metastatic evolution occurs could be understood better by exposing those relevant subpopulations.

EPITHELIAL-TO-MESENCHYMAL TRANSITION IN CTCS

As previously mentioned, epithelial-to-mesenchymal transition is suggested to be one of the contributors to the dissimilarities among the CTC population. Even though it is not fully proved that EMT is required for metastasis, there are growing evidences showing that EMT has an important role in progression of cancer. As discussed before, upon initiation of EMT cells lose their epithelial features (e.g. cell-to-cell contact, polarity, E-cadherin,) and gain mesenchymal features (e.g. enhanced motility, invasiveness, N-Cadherin, vimentin) and it is found to be induced by common transcription factors such as Snail, Twist, Zeb . However CTCs losing their epithelial markers such as EpCAM 

CANCER STEM CELL MODEL AND METASTASIS INITIATING CELLS

As stated earlier, cancer stem cells are considered as the main driver of the tumor progression, recurrence and metastasis. The basic frame of the cancer stem cell (CSC) model and some of the existing limitations in the model have already been discussed earlier. Even though there are missing evidences, under the light of recent findings, CSC model has been transformed into a more dynamic and complex system. This evolving concept will be discussed more here, for which more detailed literature source could be found in a review 20 One of the features of CSCs is their cell cycle regulation, which can be observed between quiescent, slow-cycling and active state. The evidences observing the long term quiescent/dormant subset of human CSCs implies that being in the quiescent state might help them to avoid the conventional therapies. However reactivation of those CSCs might lead to relapse even after years of therapy. Similar to normal stem cells, CSC also display high resistance to conventional therapies. This resistance is suggested to be due to high drug efflux, highly active ALDH-1 enzyme (responsible for catalysis of aldehyde oxidation, it is frequently observed in breast cancer) or high level or radical scavenger avoiding to DNA damage by radiation induced reactive oxygen species. All these CSC features are suggested to be sustained by the specific microenvironment called 'niche' which consists of extracellular components, stromal and immune cells.

Even though the origin of CSC is not definite, there are already some specific biomarkers defined to identify them dependent on their ability to initiate tumor when injected in mouse 

CLINICAL IMPLICATIONS OF CSCS AND EMT SUBPOPULATIONS IN CTCS

EMT and cancer stem cells characteristics have been observed repeatedly in CTC populations and already several studies have revealed their clinical significance in patient's disease evolution. For example CTCs expressing EMT markers (vimentin, Twist ) have been shown to be at a higher frequency in metastatic breast cancer patients (100%) than those of early disease stage (~70%) 25 . This trend has also been observed with types of cancer such as lung, liver, prostate, colorectal and head-and-neck 26 . Another detailed study has demonstrated that EMT related marker expressions (vimentin, Twist …) in CTCs can be correlated to different stages of the disease such as portal vein tumor thrombus, TNM staging (tumor, lymph nodes and metastasis classification of tumors) and tumor size 27 .

This study also used vimentin and Twist as an EMT biomarker and it is suggested that they can be promising biomarker for assessing metastasis and progression in hepatocellular carcinoma (HCC) patients. There are also growing evidences supporting the role of EMT in drug-resistance 28 . This has been also shown thanks to studying EMT-markers in CTCs in the course of therapy, where a patient showed at first a high level of mesenchymal markers positive CTCs, upon a treatment this has decreased and a subsequent increase was observed suggesting a gained drug resistance 4 .

As mentioned before, EMT features often overlaps with CSCs and it has been shown that EMT is linked to acquisition of stem cells properties in normal and neoplastic cell populations 29,30 . Upon EMT induction, immortalized human mammary epithelial cells 

DORMANCY AND ITS RELATION TO EMT/CSC/MIC SUBPOPULATIONS

Beyond identification and detection of the subpopulations of CTCs, their characterization will help to decipher the mechanism of metastatic cascade. Evidences suggest that EMT is highly involved in this evolutional pathway which drives the invasiveness and motility of cells, and thereafter survival of the cancer cells in circulation, mesenchymal phenotype is reverted (Mesenchymal-to-epithelial transition) to establish metastasis. However there are unknown key steps in this process; especially how cancer cells survive in the circulation (extravasation) and how/when infiltrate into stroma of target metastatic site (dissemination) and as well as how/when they start to grow metastasis (colonization).

Even though the elevation of EMT+ cells occurs mostly at the late stage, there are evidences showing that dissemination may start very early, even in premalignant lesions 33 and able to seed at distant organs causing metastatic relapses even after several years of initial diagnosis. This has been linked to the model postulating that cancer cells disseminated from prevalent tumor sites undergo an extended period of proliferative dormancy at premetastatic sites 34 . EMT has already been associated with reduced proliferation and quiescence §35 suggesting that MET is required for reactivation of proliferation to advance metastasis 33 . Besides, entering to a dormant state and reactivation is controlled by intrinsic programs and contextual cues which are similar to self-renewal regulation system of adult stem cell 34 . The role of acquisition of epithelial features remains to be unknown in reactivating the MIC but there are two possible scenarios: mesenchymal cancer stem cells regain epithelial features by mesenchymal-to-epithelial transition and grow metastatic tumor or self-renewal of MIC give rise to progenies with epithelial features and enhance tumor growth. These facts seem to connect the dormancy state, plasticity of cancer cell by EMT and acquisition of cancer stem cell features. There are already reports studying proliferative activity of CTCs/DTCs. For example, it has been observed that detected DTCs in bone marrow are present more as single cell with low proliferative activity rather than clusters having proliferative activity. It is also observed that only Ki-67-negative (cell proliferation marker) DTCs are observed in bone marrow of ~80 breast cancer patients and this may suggest that bone marrow is the preferred dormant cancer cell reservoir 33 . Another study revealed that higher Ki67+ population of CTCs in lung compared to breast cancer is observed and this might explain why after chemotherapy CTCs numbers reduces rapidly 33,36,37 better eliminating those cancer cell that is not in dormancy state.

Therefore studying CTCs subpopulations containing EMT, CSC and MIC will help to § Quiescence: stable, non-proliferative cellular state which can be reversed.

understand underlying mechanisms of metastatic dormancy, to what extent EMT/MET is involved in metastatic outgrow and reactivation suggesting new pathways to target relapsing.

During my PhD, we have aimed to further improve the design of the Ephesia system to target potential MIC/CSC/EMT subpopulations in captured CTCs. There are already numerous efforts to detect and capture EpCAM negative CTCs populations. Some of the approaches uses other antibodies in addition to EpCAM to increase the capture yield of CTCs 4,6,13 either by batch-immunomagnetic separation or microfluidic approach 12 . Another common method is the antibody independent way by depletion of red and white blood cell by either using filters 14,18 or negative selection against CD45+ white blood cells with magnetic beads 25 , 38 , 39 density gradient centrifugation 40 or combination of microfluidics and immunomagnetic separation 41 . However, these methods eventually obtain a single population of CTCs and detect/characterize potential subpopulations later with immunostaining, flow cytometry, qPCR or RT-PCR techniques. Separation of subpopulations could be performed by flow cytometry systems but their sensitivity is decreased for samples containing less than 100 cells 21 and besides it is complex and expensive system. To our knowledge there is only one platform which can separate the subpopulations of CTCs depending on two different markers 42 . The system uses magnetic nanoparticles conjugated with aptamer against EpCAM and HER-2. Basically bulks cells attached to nanoparticles are isolated with uniform magnetic force but depending on the flow velocity which is reduced by factor of 2 in four subsequent capture zone, higher expression of EpCAM cells are captured at an earlier zone compared to lower expression of cells. As each capture zone could be combined with another series of capture zones, they could achieve to isolate 16 types of different CTCs subpopulation. This system was applied to prostate cancer patients using EpCAM and EGFR antibodies showing various populations in each patient with different composition.

However more studies are necessary to validate potential biomarkers for CTCs capture and establish standardized assays to better associate with related clinical outcome. Moreover, these studies should be consistently reproduced among various institutes. Another important point is that these biomarkers would be organ specific, so complementary capturing antibody should be chosen accordingly. This requires immense investigation and so abundance of variable CTC capture system will hopefully help to accelerate clinical studies.

Therefore we have decided to build a design allowing direct differentiation of the subpopulations according to their phenotypes instead of capturing these subpopulations of CTCs by simply mixing magnetic beads conjugated to several different surface antigens.

Even if our chip would allow four different capture zones, for practicality the design focusing on targeting two separate populations was built. Direct separation would allow immediate comparison for between subpopulations and a unique profiling for each patient depending on their disease status which can then be related to a specific outcome. With our technology, CTCs could be also subjected to downstream mutational analysis for more detailed analysis in order to search possible novel biomarkers within the new population.

A ZOOM TO POTENTIAL BIOMARKERS FOR ISOLATION AND DETECTION OF EMT-CSC-MIC SUBPOPULATIONS OF CTCS

CANDIDATE SURFACE MARKERS FOR ISOLATION OF EMT-CSC-MIC POPULATIONS IN

CTCS

There are several candidate antibodies to target subpopulations. CD44 surface marker is already defined in many studies as a cancer stem cell marker 43 . For example as low as 100 CD44+CD24-cells have been shown to initiate tumor whereas 10 5 CD44-CD24+ cells were not able to 22 . As described before, MIC populations of CTCs are in CD44+CD47+MET+ populations of cells 21 and this has been also defined in another study that CD44+CD24-ALDH1+ cells contain MICs 44 . Moreover upon EMT induction, CD44 low CD24+ cells can generate CD44+CD24 low stem-like cell population so it may be also considered as EMT related marker 45,29 . CD44 is a transmembrane glycoprotein having a role in cell-cell and cell-matrix adhesion 20 . There are different variants of the protein and CD44v6 has been reported to initiate metastatic process in colorectal cancer 46 which could also be considered as selection biomarker.

Additionally, HER-2 16,4 , EGFR 42 and cell surface vimentin (CSV) 47 markers, which are associated with EMT or cancer stemness, are already used for isolation of CTCs. For example HER2 gene amplification is observed in 15-20% of breast cancer patients and those patients can be treated with HER2 blocking agents. However its use is limited to HER2-amplified tumor types. Lately it has been showed that HER2 drives breast cancer stem cells in the absence of HER2 amplification in ER+HER2-subtype 48 and it has been found that overexpression of HER2 is related to the mammary carcinogenesis, tumor growth and invasion due to its ability to expand stem/progenitor cell populations 49 . Therefore it is suggested that adjuvant HER2 blocking agents were shown to be effective on HER2negative patients due its ability to target CSC population without needing amplification 50 .

Thus using HER2 as a second marker might be useful to target CSCs/MICs to reveal its role and to assess whether HER2-patients may benefit from HER2 blocking agents.

EGFR (epidermal growth factor receptor-cell surface receptor) is known for its role in promoting tumor growth. Its overexpression has been found in many cancer types and it has been associated with decreased survival for bladders, ovarian, head and neck or modest prognostic factor for breast and colorectal cancers 51 . It has also been reported that EGFR expression was dramatically increased in CTCs after several hours that cancer cells injected to mice, which is an indicative of EMT process 13 . So it might be used for selection of CTCs undergoing EMT and probably subsequent transformed CSCs in CTCs.

Another surface marker targeting mesenchymal CTCs has been recently discovered: cellsurface-vimentin. Vimentin is an intermediate filament protein found in mesenchymal cell's cytoskeleton and it is also found in epithelial cells undergoing EMT 52 . It has a role in cell migration, adhesion and signaling 53 . Its overexpression has been reported in many cancer types associated with invasive phenotype and poor prognosis 54 . However, vimentin was found to be also expressed in white blood cell therefore as a CTC detection marker it may not be very specific 55 CTCs with OB-cadherin and B-catenin may be used for metastatic prostate cancer, in which these cells were observed less in healthy control samples and however it documents that OB-cadherin is also observed in host-cells which is similar to vimentin that might be found on leukocytes 55 . These markers have yet to be confirmed in terms of universality, specificity and sensitivity with clinical settings. Another alternative would be N-cadherin, to our knowledge it has not been so far used as a capture antibody and it has been known

that, E-cadherin is downregulated and N-cadherin is upregulated as a response to EMT process 59 . N-Cadherin has already been observed in CTCs of breast and prostate cancers patients 3 . All these biomarkers are candidates to enrich and isolate CTCs as complement to EpCAM for targeting CTCs undergoing EMT.

DETECTION MARKERS FOR EMT-CSC-MIC POPULATIONS IN CTCS

Identification and molecular characterization of CTCs is important to differentiate CTCs from normal cells or to associate with specific clinical outcome and reveal potential target for therapies. As cells lose their cytokeratin while undergoing EMT, it is also important to detect CTCs with additional mesenchymal markers. For example vimentin is considered as EMT markers. However it is found to be expressed in normal blood cells 55 and some studies stated that it was not detected in CD45+ cells 60 so its specificity is ambiguous 61 .

That is why it could be added in our assays to bring more clarification on this subject if CD45+Vim+ are observed often. Recently a promising biomarker, Plastin3 has been identified which is not repressed during EMT and not expressed in normal blood cells 62 .

However it is only tested in colorectal cancers so its presence in other cancer types might better evaluate its potential value as a biomarker.

One another commonly studied EMT related marker is Twist, which is a transcription factor inducing EMT process and it is also found to be enriched in cancer stem cells 20 . Twist was found to be one of the EMT markers frequently expressed in CTCs of metastatic breast cancer patients and its presence is at a higher level in therapy non-responders when compared with responders group 5 . Another study showed that cytokeratin and Twist can be co-expressed in CTCs of early breast and metastatic breast cancer patients at a rate of respectively 53% and 97% suggesting that EMT is involved in metastatic progression 25 . Also, triple immunostaining of CTCs with vimentin, cytokeratin and Twist has showed that %36 of CTCs were CK+Twist+Vimentin-suggesting that Twist might be more specific since it is expressed more commonly.

Another interesting concept as discussed before is the dormancy in which mesenchymal/stem cells enter to non-proliferative state and cause recurrence and metastasis at early or late stage when they regain their proliferative state. Understanding how CTCs survive in circulation whether in dormancy or not or how they gain the ability to initiate metastasis will be crucial for designing therapeutics and clinical trials. Therefore focusing on characteristics of CTCs differentiating from those that grow and give rise to metastasis will help to build better treatment strategies, for example by following their phenotypic changes during disease progression. There are already studies focusing on the proliferative and apoptotic status of CTCs. Ki67 is one of the proliferative markers, has been extensively used alone or together with other markers especially in breast cancer as tool of risk stratification guiding treatment decision and molecular classifications of subtyping 63 . Even though, there is still not a standard way of assessing Ki-67 expression and debate is going on, it is considered as a promising biomarker for prognosis and prediction. Therefore it could be interesting to investigate the role of Ki-67 expression on CTCs, how it varies among epithelial and mesenchymal/stemness subpopulations of CTCs and how it relates to metastatic/recurrence state of patients. Ki67 is found on nucleolar cortex and in dense fibrillary components of nucleolus when the cell is at an interphase step but it is absent during resting phase (G0) and its expression changes at different cell-cycle step 64 We have decided to target metastasis-initiating-cells, which downregulate their EpCAM expressions, in addition to EpCAM positive cell populations. Therefore it was necessary to decide which marker would be best as positive selection of CTCs subpopulations. I have focused on biomarkers related to breast cancer for our applications as we have close collaboration with Curie hospital and their research is mainly oriented to breast cancer. We have eventually started using our device with anti-CD44 antibody as a starting point which has already proven its clinical relevance in various studies for breast MICs. Thereafter, this antibody would be selected to be used in clinical validation of the system only if its sensitivity and specificity are confirmed. Moreover, given the clinical and biological importance of dormancy on metastasis, I propose to investigate the proliferative activity of captured CTC subpopulations by Ki67 with regards to different subtypes of breast cancer and how much it varies depending on the patients' disease progression. Besides, Ki67 positivity in combination with epithelial (cytokeratin) and mesenchymal markers (vimentin or Twist) could give more information on heterogeneity of CTCs. This project is still in the early state of progression so depending on the validation of target antibody, the project will have more defined objectives to address relevant biological questions.

NEW DESIGN OF EPHESIA TARGETING CTCS WITH DOUBLE ANTIBODY UPGRADING THE EPHESIA DESIGN FOR DOUBLE ANTIBODY APPROACH

Previous Ephesia platform had some constraints to isolate subpopulation of CTCs. Fluidic configuration of the chip design did not allow capture cells separately therefore a new design was necessary which permits independent formation of magnetic columns using different kinds of antibodies. It was also important that this design would allow retrieving the captured cells separately for further applications without contaminating each other.

Several different designs of Ephesia microfluidic chip were developed and tested to achieve optimum fluidic control allowing easy manipulation of magnetic beads and cells. Figure 3-3-1 shows the first chip design for double antibody capture; this design consists of two separate capture zones which are not connected by microchannels in order to be able to inject beads separately and to avoid cross contamination. The different beads are sequentially injected into the capture chambers, maintaining each outlet opened. A junction tubing is then connected between the outlet of the first zone (in green in Figure 3-3-1)

and the inlet of the second chamber (in purple in Figure 3-3-1). Once the beads are injected and the columns assembled, cells are injected into the device. The cells can be captured through starting from EpCAM chamber to CD44 chamber or vice versa. Finally, depending on the upstream characterization, it could be of interest to collect the captured cells individually in each chamber. Cells can then be retrieved by removing the connecting tubing and flushing the solution from one side to the other. Preliminary experiments were performed and it was concluded that this design was not optimal due to cross contamination of the beads and possible loss of the cells in the junction tubing. The beads injected were not completely washed out in the outlet so when the chamber is connected with tubing, some beads were also passing to the other side. This could be avoided by washing extensively and with mechanical vibration but this deforms magnetic columns and takes long time. Another major problem was the disruption of columns when assembling junction tubing. When the chambers are connected manually, the applied pressure was destroying the magnetic columns in the first rows, and this would compromise the capture efficiency because captured cells are covered by the beads and circumvent being imaged. to the other chambers. Finally, if needed, cells can be retrieved by flushing the chip with solution at a high pressure while the magnetic is on that helps to keep the columns on the other side, see Figure 3-3-2. However, when high pressure (~30mbar) is applied for cell retrieval, beads tend to flow to the other side of the chamber as well, and therefore it is required apply counter pressure (~30mbar) to establish balance between the two chambers for either the magnetic bead formation or cell retrieval in order to avoid bead contamination. But, when applying counter pressure (~30mbar) , the flow was very sensitive even to length of the tubes that might change the fluid pressure in the chip so applying counter pressure was not very practical resulting in mixing of beads or losing the robustness of magnetic columns. Finally another design (D4) with two outlets has solved the problem with pressure manipulation. The flow manipulation is quite the same as the second design discussed above. Again each outlet/inlet has two entrances. As one type of antibody is injected, from the other entrance lower counter pressure (~10mbar) is applied and the column formation is achieved without any contamination and this applies to cell retrieval as well.

However with this design, limitation is that the cells are collected into two separate tubes so this may increase the loss of cells in the tubings. Thus this design was chosen to precede next experiments for the evaluation of the capture performance of the anti-CD44

antibody. Below, Figure 3-3-4 shows fluidic path for magnetic column formation and cell retrieval with beads without any contamination between each capture chamber. This design has not compromised the flow rate that could be applied in the device, having the capability to reach 3 ml/h. Moreover, the same microfabrication methods are used for both developing the SU8 master and producing the chip with PDMS. Also the capture zones have exactly the same structure as used in single antibody design described in Chapter 2 allowing homogenous flow rate along the capture zones. 

SELECTION OF ANTIBODY CONJUGATION METHOD WITH MAGNETIC BEADS

After new protocol has been established for fluidic control of the new design for double antibody, it was necessary to select the appropriate immunosupport that could be used for the second antibody capture. For EpCAM based capture, commercially available already conjugated magnetic beads are used in Ephesia, however there was no magnetic bead already conjugated with CD44 antibody available at 4.5μm. Therefore, several different whereas for carboxylic acid beads, the coupling of antibodies is performed with EDC/NHS reaction (Annex I). But it was observed that beads were aggregated and magnetic columns were not fully formed as robust as like with EpCAM beads.

To illustrate the aggregation difficulties encountered, Figure 3 

PRELIMINARY VALIDATION OF THE MULTIANTIBODY EPEHSIA DESIGN WITH CELL LINES

CELL LINE MODELS FOR VALIDATION OF NEW DESIGN (D4) AND TARGET ANTIBODY

For testing the utility of this new Ephesia design, we used three different cell lines, one having low EpCAM and high CD44 expression (Hs578T), one having high EpCAM and low CD44 expression (SKBR3) and a cell line having moderate EpCAM and high CD44 expression, Table 3-4-1. All cell lines are originated from breast cancer patients and they were purchased from ATCC. The absence of mycoplasma was regularly tested for all cell lines. More detailed cell culture protocol can be found in the Annex I section. EpCAM and CD44 expressions were also confirmed by double staining flow cytometry (Figure 3-4-1). According to flow cytometry experiment, it is seen that for MDA-MB231 cell line, EpCAM expression is very low similar to Hs578T cell line. But according to the cell capture experiments with EpCAM beads, MDA-MB231 cell line is captured at a higher rate so either normally MDA-MB231 has higher EpCAM expression and flow cytometry experiment parameters is still need to be optimized or this cell line can differentiate at a higher rate which can increase its EpCAM expression depending on the conditions and passage number of the culture. So, more experiments are needed to conclude better on this observation. suggesting that our EpCAM based method fails to capture efficiently CTCs with mesenchymal-like features confirming other studies discussed in previous sections.

Considering the relationship between EMT process and induction of stem-like cell properties and the fact that MIC subset in CTCs frequently found in stem-cell like population, this result shows that our system loses highly relevant CTC subpopulation. SKBR3 cell lines are highly epithelial with very high expression of EpCAM, as expected they are mainly captured in the EpCAM chamber, however there is always a proportion of cells captured CD44 capture zone less than 10%. This may be due to the stem-celllike/mesenchymal population in this cell line giving rise to more dedifferentiated stem-like cell population. By characterizing this population more in detail, it would give clue how this this behavior fits to CSC model.

Capture profile of Hs578T cell line shows how significantly EpCAM based methods can lose

CTCs with only 0.3% capture efficiency on EpCAM beads. This cell line is classified as basal like breast cancer with highly expression of mesenchymal markers and it might be the reason why CTCs are detected less frequently compared to other subtypes of breast cancer 69,70 . Compared to EpCAM antibody, CD44 may be considered as a good candidate for targeting mesenchymal-like CTCs, which has an 80.3% of capture efficiency for Hs578T cell line. As mentioned before, comparing the EpCAM expressions with flow cytometry, Hs578T and MDA-MB231 shows very similar expressions so it would be expected to obtain similar capture efficiency values, however obviously, MDA-MB231 has a higher EpCAM expression that is captured at rate of 67.6% with EpCAM and 12% with CD44. So probably, flow cytometry experiment should be repeated.

Another remark is higher capture efficiency for MDA-MB231 cell line on EpCAM zone (67.6%) obtained with D4 chip; however this is definitely not due to the design but probably due change in expression of EpCAM in time in the culture in which this cell line might be more prone to transformation/differentiation. Another reason could be the way of counting and spiking the cells. For spiking high number of cells, >500, the cells are counted by Scepter™ 2.0 Cell Counter after trypsinization and the required amount of cells is obtained by series of dilution of the solution in which for each dilution factor there is risk increasing the experimental error and not obtain the expected number of cells in the final solution. Also this protocol is more sensitive as cells sediments so pipetting is very important at low concentration of cells. To avoid these errors in dilution, for very low number of cells, <100, the successive dilutions are performed on 96 well plates and the required number of cells are collected from the wells by counting cells under the microscope before and after retrieval. This way exact number of cells can be calculated more precisely by checking how many cells have been collected and how many are left in the wells. In order to be able to confirm the utility of the device for clinical samples, the priority is now to confirm the specificity of the of target antibody, CD44 for CTCs. The concern about this antibody is that CD44 has also role in lymphocytes homing and T-lymphocytes activation 71 , therefore expression of CD44 on lymphocytes may impede the device specificity significantly. However, this might be minimal since we are using WBC depletion with RosetteSep which can achieve 3.4 to 4.7 log depletion of targeted CD45+. Thus, capture efficiency of spiked blood sample experiments are urged to determine sensitivity and specificity. If the capture is highly limited by the contaminant WBC, then other isoforms of CD44, such as CD44v6 found to be expressed in tumor cells 46 , 21 can be also tested.

Otherwise other markers that were discussed before such as EGFR, cell surface vimentin and N-cadherin could be used, that we could test their applicability on a wide range of patients as CTCs capture marker.

Moreover mixture of cell lines with variant epithelial and mesenchymal properties could be captured with various percentages to map CTC subpopulation profile of patients from different cancer types.

Another critical aspect is to verify the possible loss of captured cells while retrieving them from the two separate tubing in the chip and confirm whether the sample is amenable to apply further molecular characterization such as qPCR which could be used for scanning specific MIC gene signatures.

CELL CULTURE

Cells are culture with the appropriate medium containing 10% FBS (fetal bovine serum), 0.1% penicillin-streptomycin (1X) and if the medium is not enriched with L-glutamine, then, 0.1% is added at 37°C in a humidified atmosphere with 5% CO 2 . Cells are passed two times per week at around 70-90% confluency.  Centrifuge the cells for 4 min at 1000rpm and aspirate the supernatant  Fix them with PFA 4% in 1000μL for 15 min and wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Permeabilize with PBS-BSA 1%-Triton 0.1% for 15 min  Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Distribute the cells to tubes having 10^6 cells in 400 μl PBS-BSA 1%

 Primary antibodies are labeled with Zenon antibody labeling kit.

 Primary antibodies are incubated at 100 times dilution for 30 min in 400 μL on ice.

 Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Resuspend the cell in 400 μL. 

STUDY OF PROTEIN INTERACTIONS IN CIRCULATING TUMOR CELLS BY PROXIMITY LIGATION ASSAY

As previously discussed, defining predictive and prognostic markers is essential for achieving personalized medicine and molecular characterization of cancer cells is the core step to identify and as well as to test clinical utility and validation of relevant biomarkers. The main objective of this thesis was to develop an integrated bioanalytical characterization of CTCs by detecting protein interactions on CTCs captured by Ephesia system. In particular, we will focus on the HER2:HER3 dimerization to monitor patients receiving trastuzumab and/or pertuzumab.

IMPLICATIONS OF HER (ERBB) PROTEIN FAMILY IN CANCER AND PRINCIPLE OF PROXIMITY LIGATION ASSAY

IMPLICATIONS OF HER (ERBB) PROTEIN FAMILY IN CANCER AND CLINICS

One of the well-known markers for cancer is HER2 (human epidermal growth factor receptor 2, also named as HER2/neu and ERBB2, which is validated as both predictive and prognostic factor 1 . Overexpression of HER2 (or amplification of Her2 gene) is present in 10-25 % of breast cancer 2,3 which is associated with poor prognosis of overall survival and it is a significant predictor of recurrence 4 . Additionally metastatic HER2-positive patients show greater benefit from HER2 targeted therapy 5 , for instance using a monoclonal antibody against HER2 called trastuzumab. Trastuzumab is suggested to be used as adjuvant treatment † † in combination with chemotherapy for early breast cancer patients with surgically removed HER2-positive cancers 6 , improving their survival rate.

The ERBB protein family is composed of four receptor tyrosine kinases (RTK) ‡ ‡ HER1 (EGFR, ErbB1), HER2 (Neu, ErbB2), HER3 (ErbB3), and HER4 (ErbB4) which are ubiquitously expressed in epithelial, mesenchymal, and neuronal cells and their cellular progenitors 7 . These proteins have important roles in the regulation of cellular processes such as apoptosis, cell cycle progression, cytoskeletal rearrangement, differentiation, development, immune response, nervous system function, and transcription 7 . All ERBB family proteins have similar structures, having an extracellular ligand-binding domain, a single hydrophobic † † Adjuvant therapy: therapy given in addition to the primary, main, or initial therapy to maximize its effectiveness 74 . ‡ ‡ Tyrosine kinase: an enzyme modifying proteins by adding phosphate groups on the tyrosine amino acid group on the protein.

transmembrane region, and the intracellular part consisting of highly conserved tyrosine kinase domain except for HER3 8 . Binding specific ligand molecules to the extracellular domain of the proteins initiates formation of hetero-or homo-dimerization between the protein family members 8 .

Ligands can either display receptor specificity (i.e. EGF, TGF-α, AR, and Epigen bind EGFR) or bind to one or more related receptors; neuregulins 1-4 bind ErbB3 and ErbB4 while HB-EGF, epiregulin, and β-cellulin activate EGFR and ErbB4. ErbB2 lacks a known ligand, but recent structural studies suggest that its structure resembles a ligand-activated state and favors dimerization.

Upon dimerization, autophosphorylation of protein occurs in which the resulting proteintyrosine phosphates serve as docking sites for molecules that transmit downstream signals 9 as a result of receptor activation. In this way, the dimerization of receptors activates several different signaling pathways such as PI3K-AKT 10 pathway in which aberrations in signaling pathway induces tumor formation by increased survival, proliferation and cell-cycle progression 11 (FIGURE 4-1-1). The ERBB family has a variety of complex network of interactions among themselves forming either homodimer or heterodimer. Despite most receptor activation occurs via ligand binding, HER2 has no known ligand 12 so activation of HER2 has been demonstrated to 123 take place through formation of heterodimers by other ERBB family member 13 . It is also shown that HER2 heterodimerization is favored 14 , however, in HER2 overexpressing cells simultaneous homodimerization of HER2 occurs. This can displace the equilibrium towards more HER2 containing homo-/heterodimers 15 . Moreover, HER3 has no intrinsic kinase activity 16 and by ligand binding no homodimer can be formed 17 , thereby it requires activation via heterodimerization.

Among the different dimerization couples, HER2:HER3 is reported to create most potent mitogenic signal 18 and it was reported that erbB-2 and erbB-3 genes cooperate for neoplastic transformation in a fibroblast cell line expressing non-transforming levels of HER2 whereas none of these genes caused the transformation alone 19 . There are recent studies

showing the prognostic effect of these dimerizations. M. Spears et al have shown that high levels of HER2:HER2 and HER2:HER3 dimerization show significant association with reduced relapse free and overall survival in early breast cancer with a cohort of 100 tumors with amplified Her2 gene and 321 tumors excised from pre-and postmenopausal women 20 . They have also shown an association between the Her2 gene amplification and HER2 homodimerization. In a similar study, F. Barros et al have studied the characterization of HER2 heterodimers in broader range including HER1:HER2 and HER2:HER4. They demonstrated that HER2 heterodimers exhibited aggressive clinicopathological features and independent predictor of poor outcome in primary breast cancer cohort 2,21 (see FIGURE 4-1-2). However, they have found no association between HER2 heterodimers and breast cancer-specific survival in HER2-positive patients, independently of receiving trastuzumab treatment. In HER2 positive patients, heterodimers with HER1 and HER3 also showed aggressive features. This was not the case with HER4, however. This study also confirmed the association with Her2 gene amplification and HER2 heterodimers. Furthermore, they claimed that even though it had been proposed that the HER2:HER3 is the most frequent heterodimer 20 , their study showed similar frequencies of heterodimers of HER1:HER2, HER2:HER3 and HER2:HER4. Moreover, HER2:HER3 dimer has been associated with the development of distant metastasis. Interestingly, in HER2positive cases, 23% of them did not show any of the three heterodimer interactions.

Besides, only HER2:HER3 dimerization has not been associated with Ki67 proliferation marker, suggesting that the high cell proliferation rates are due to another mechanism. Abnormal tyrosine kinase activity of the ERBB family leads to high tumorigenic activity and uncontrolled tumor growth in many different tumor types such as breast, lung, brain, gastric and colon tumors 22,23 . Unveiling the signaling pathways including ERBB protein dimers made them an attractive target for drug development, with the objective of inhibiting dimerization by antibodies, or inhibiting tyrosine kinase activity by small molecules (see . Kinase inhibitors are small molecules that bind to the ATP binding sites of kinase domain of the substrate in various ways, competing with the enzyme. This blocks the phosphorylation of the protein, thereby blocking in turn the activation of the subsequent downstream signaling 24 . There are already several FDA approved tyrosine kinase inhibitors (TKIs) for HER1, called erlotinib, lapatinib and gefitinib, or lapatinib and afatinib 22 for both HER1 and HER2. However these therapies are not efficient when they are administrated alone, and resistances to these drugs tend to develop through mutation mechanisms 24 .

Alternative methods in combination with other therapeutics are now widely studied. Another approach for addressing the aberrations of activity or expressions of the ERBB family is the use of antibodies preventing the formation of dimerization. 25 . Trastuzumab is a recombinant humanized monoclonal antibody directed against the extracellular domain IV of HER2 26 . Even though every detail of mechanisms of its actions is not known yet, it is believed that its binding to extracellular domain of HER2 prevents the activation of intracellular tyrosine kinase, thereby reduces the cell growth, proliferation and survival in direct and indirect manner 27 .

First, by physical hindrance, it interferes with the homo-or heterodimerization of HER2, inhibiting its activation and the MAPK and PI3K/AKT pathways resulting in reduced cell growth and proliferation. Second, it has been proposed that trastuzumab triggers degradation of HER2 and reduces phosphorylated extracellular domain release resulting in reduced activity. Lastly, it attracts immune cells to HER2 overexpressing cells (antibody-dependent cellular cytotoxicity, ADCC § § ). As mentioned before, at first-line treatment with trastuzumab in combination with paclitaxel for women with metastatic HER2-positive breast cancer has

shown to increase the survival rate 5 , and later it has been demonstrated to be efficient § § ADCC (antibody-dependent cellular cytotoxicity): the phenomenon of lysis of cancer cells bound to trastuzumab via the activation of natural killer cells (NK) which can be bound to trastuzumab 75 .

after adjuvant treatment 6 . For example, one study has demonstrated significant improvement of disease free survival with trastuzumab treatment after adjuvant chemotherapy, and has reported approximately 50% reduced rate of recurrence (particularly distant recurrence) 28 .

The efficacy of trastuzumab has been also shown in the in vitro and xenograft growth of HER2-overexpressing human breast cancer cell lines and HER2 amplified gastric cell lines, in combination with lapatinib where anti-tumor activity was observed more effectively as compared to cell lines treated with one of the therapeutic agents 29,30,31 . Despite the clinical evidences of trastuzumab for improved survival rates, trastuzumab has a modest response duration: around 70% of patients who initially responded show progression to metastatic disease within a year 32,33 . Besides this, less than 35% of patients with HER2-positive breast cancer initially respond to trastuzumab 33,34 . These findings suggest that either some patients might be inherently resistant to the drug, or resistance is acquired rather rapidly 27 .

However trastuzumab is inhibiting the ligand-independent dimerization of the HER2, but not ligand-induced HER2 heterodimer formation which is also activating signaling pathways. This might explain why in HER2-low cancer, trastuzumab is not efficient to reduce the tumor growth 13 . Therefore also controlling the activation through heterodimer should create a synergetic effect. Another recently developed targeted therapy called pertuzumab offers great promises for improved clinical benefit in combination with trastuzumab as a complement by inhibiting the HER2 heterodimer formation, such as HER1:HER2 or HER2:HER3 .

Pertuzumab (Perjeta, Genentech) is a fully humanized monoclonal antibody which binds to extracellular domain II of HER2, which is essential for dimerization 35 . More particularly it inhibits the heregulin (HRG) dependent dimerization of HER2:HER3 which activates the PI3K/AKT pathway, whereas it has less effect on HER2:HER1 dimerization since it was

shown not to modify the proliferation of HER2-amplified cell lines in vivo and in vitro 36 .

Similarly to trastuzumab, it also has an attracting effect for the immune cells inducing ADCC. Besides, pertuzumab has been shown to inhibit HER2:HER3 heterodimers efficiently, in contrast with trastuzumab which showed a mild effect 35 .

A synergetic effect of pertuzumab complementary to trastuzumab has been demonstrated to improve tumor regression in various studies such as in vitro cell lines, in vivo xenografts and in different clinical phase of studies in metastatic, adjuvant, and neoadjuvant settings *** , also in combination with chemotherapy 35 . One of the earliest studies has shown a synergetic effect for inhibiting the survival of HER-2-overexpressing BT474 breast cancer *** Neoadjuvant therapy: the administration of therapeutic agents before a main treatment 76 .

cell lines treated with combination of trastuzumab and pertuzumab, which shows superiority over when trastuzumab used alone. This was also the case for the disruption of HER2 dimerization and downstream Akt signaling 37 . The enhanced anti-tumor effect of trastuzumab/pertuzumab combined therapy has also been shown in HER2-positive breast and non-small cell lung cancer xenografts, where tumor regression was observed whereas it was not observed when treated with one of the agents alone 38 .This study also demonstrated the potent activation of antibody-dependent cellular cytotoxicity, using in vitro assay with both therapy agents. Similar effects have also been later confirmed in two HER2-positive human gastric cancer xenograft models (with NCI-N87 and 4-1ST cell lines

), but not in a HER2-negative model (MKN-28 cell line) 23 . Also this study reported that 'efficacy of the combination in mouse xenograft models was more remarkable than in vitro'

suggesting that this arises from the effect of ADCC with combination therapy.

In clinical trials, combination of trastuzumab and pertuzumab has been found to be well tolerated and active (overall response rate of 24.2% and median PFS of 5.5 months) in patients with metastatic HER2-positive breast cancer who had progression in the course of prior trastuzumab therapy 39 .This stimulated a growing number of clinical trials combining trastuzumab and pertuzumab 40 . One of the very recent result of phase III trial (CLEOPATRA, funded by F. Hoffmann-La Roche and Genentech) has demonstrated the efficacy of the antibody combination therapy with docetaxel , with a 5 years follow-up 41 .

The extension of median duration of response by pertuzumab has been found to be 7.7 months. Median Overall survival of patients with HER2-positive metastatic breast cancer receiving additional pertuzumab have significantly improved their survival from 40.8 months to 56.5 months; in contrast to patients receiving trastuzumab and docetaxel with placebo drug (see . It has been also reported that long-term cardiac safety is maintained meanwhile most adverse events occurred during docetaxel administration and dropped after stopping it. All in all, the ERBB protein family play crucial role in cancer progression and metastasis 20 .

Especially in HER2-positive cancer patients, activation of HER2 occurs through either ligand-independent dimerization with autophosphorylation, or ligand-induced dimerization mainly with HER3, which is the most oncogenic unit. These different activations of HER2 can be inhibited by targeted antibodies trastuzumab and pertuzumab, inhibiting signaling pathways causing tumor growth and proliferation. Unfortunately these therapies are not necessarily effective in all patients with HER2-positive (and HER2-negative) tumors, so accurate patient stratification is essential to predict whether the patients will benefit from the therapy. HER2:HER3 dimerization has already been shown to be associated with patients' outcome, so it could also be served as molecular signature to define predictive value for targeted therapy. Until now, to our knowledge, only one study has reported the predictive value of HER2:HER3 status when combining loss of p21 expression, showing poorer outcome for breast cancer patients submitted to adjuvant trastuzumab. However, there is no study investigating the prognostic and/or predictive value of HER2:HER3 in patients receiving trastuzumab and pertuzumab together, so quantifying HER2:HER3 in those patients could reveal whether it can be used to differentiate patients before the treatment or not.

Furthermore, as prognostic and predictive value of CTCs has already been discussed. Thus, following the status of HER2:HER3 in CTCs during the course of treatment could give precious clues whether the treatment is working or not so that the clinicians could decide to continue to the treatment or not. This is also very important in terms of time management of progressing disease, and to reduce the adverse effect of the drug. Finally, monitoring molecular biomarkers through CTCs brings the treatment on a whole new level of personalization, since the ACDD effect induced by the immune system might response different for each person. Thus, developing a platform enabling quantifying protein interactions on CTCs could bring unprecedented advantages for cancer management.

DETECTING PROTEIN INTERACTIONS BY PROXIMITY LIGATION ASSAY

For the detection of protein interactions, in situ Proximity Ligation Assay (PLA) is a very sensitive, specific and robust method developed in Uppsala 42 . It was first commercialized by Olink Biosciences, and kits are now provided by Sigma Aldrich (Duolink® product line).

In situ PLA is designed to detect localized target molecules by dual recognition of antibodies attached with oligonucleotides, allowing the latter formation of a circular DNA template. As one of the oligonucleotide strands on the antibody is subjected to rolling circle amplification (RCA), a long single stranded DNA is produced as bundles which can be detected by hybridizing fluorescence-labeled probes 43 . This method provides excellent specificity and sensitivity due to the use of highly specific nucleic acid sequences. Another very important and unique aspect of PLA is its highly specific detection, due to the requirement of 'proximate' recognition of the pair antibodies 42 . Such a method enables to detect protein interactions, post-translational modifications of proteins (PTM), such as phosphorylation or glycosylation, even at the single event level thanks to amplified signal by RCA.

More in details, two antibodies, one attached to shorter (minus) and another is to longer (plus) oligonucleotide, referred to proximity or PLA probe, are bound to the target and excess is washed away (FIGURE 4-1-5 A). Later, two more connector oligonucleotides are added and ligated by an enzymatic reaction to form a circularized DNA strand (FIGURE 4-1-5 B). This occurs only when the two PLUS and MINUS are present in close proximity around 30-40 nm, taking into account the size of the two antibodies and the oligonucleotides connecting them 44,45 . This circular DNA strand stays hybridized to the PLA probes and one of it serves to prime the RCA reaction. In contrast the other has three mismatched RNA nucleotide at the 3' end, failing to prime the RCA reaction 44 .

RCA 46 can simply be achieved by the replication (amplification) of the circular DNA strand consecutively by the DNA polymerase (phi29): Thanks to its high strand displacement activity 47 , this enzyme unwinds the circular probe from the other oligonucleotide end (direct or indirect proximity probe), the method of detection (flow cytometry 48 or visualization by microscopy with fluorescence 43 or bright field 49 ) and also different types of samples (cell, tissues 50 , human plasma 51 ) and targets 44 The possibility to use a wide range of proximity probes makes PLA highly flexible molecular tool. First, aptamers † † † offers high affinity and selectivity as PLA probe and can be easily produced by extending their sequences from either site 42 . Secondly antibodies give enormous choices by their vast amount of commercially availability. PLA can be performed in two different approaches 43 : one is by targeting the molecules with direct method where the primary antibodies are attached to oligonucleotides, either covalent bonding or by streptavidin-biotin interaction(biotinylated primary antibodies are conjugated with streptavidin functionalized oligonucleotides) (see . This is advantageous for using antibodies from the same species. The second approach; so called indirect method, involves secondary antibodies attached to the oligonucleotides provided by the fact that PLA probes and by primary antibodies are raised in different species (FIGURE 4-1-6 B).This method has the advantage that specific antibody-oligonucleotide hybrid does not need to be conjugated for each application, and reduces the risk of altering the affinity of binding to antigen by PLA probe conjugation.

PLA is a versatile tool allowing for a variety of methods for signal detection. For example, fixed cells and tissues samples can be easily visualized after PLA with either fluorescence 44 or bright field microscopy. Especially in clinical settings, tissues are preferentially examined with brightfield due to high auto-fluorescence of the tissue and simplicity. So for this purpose, PLA detection on tissues can be done by enzymatic visualization of RCPs with horseradish peroxidase (HRP) ‡ ‡ ‡ conjugated oligonucleotides 49 . Another interesting method for detection is to use flow cytometry. It gives the advantageous of high throughput with higher statistically accurate results for single cells analysis of either protein interactions or PTM 48 . † † † Aptamers: single-stranded DNA or RNA (ssDNA or ssRNA) molecules that can bind to preselected targets including proteins and peptides with high affinity and specificity 77 ‡ ‡ ‡ Horseradish peroxidase: an enzyme used for detecting molecules by change of its color when oxidized with hydrogen peroxide 78 . shown that 24 biomarkers could be simultaneously detected by conjugating the antibodies with oligonucleotides specific to each biomarker and on total with four platforms, 74 putative biomarker of colorectal cancer have been detected in plasma from patients 51 . By flow cytometry, the detection of HER1:HER1, HER1:HER2 and HER2-HER2 interactions in cell lines 48 has also been shown. Moreover, Simultaneous visualization of HER1:HER2, HER2:HER3 and HER2:HER2 is already shown on breast cancer tissue samples having unique fluorescent tags on each different dimerization 50 . This way, the balance of these interactions between each other, for example as a response to a drug could be observed.

It could be also imagined that mixtures of cells with different protein interactions or PTMs could be detected in this way with flow cytometry in a heterogeneous cell populations to analyze high number of cells.

Another unique feature of PLA is its high specificity thanks to dual recognition of affinity reagents, but specificity of signals can be even increased by adding more affinity reagents.

For example, the heterodimerization of c-Myc/Max § § § which are found particularly near a third target protein (RNA polymerase in this case) was able to be detected with three § § § c-Myc/Max: transcription factor and oncoprotein c-Myc pairs with Max protein in cell nucleus except during mitosis having a role in cellular processes, such as proliferation, apoptosis, metabolism, differentiation.

antibody against those proteins 44 (see FIGURE 4-1-7 A), this also shows the possibility to apply PLA on endogenous protein interactions. Another example of PLA with increased specificity is shown to detect prostasomes **** from plasma, which are prostate cancer biomarkers 52 . Prostasomes were immobilized with an antibody on a solid phase and then after their recognition by four other antibodies with oligonucleotide, the DNA strands are ligated forming DNA template to be amplified by qPCR (see . The dynamic range of sensitivity could also be adjusted to detect both high and low concentration of targets in the same reaction by tuning the concentration of three connector oligonucleotide for any targeted molecule 53 . For example with a ratio of 1:10:100, either 100, 10 or 1 out of 111 target signal can be visualized using detection oligonucleotides with different fluorescence labels.

There are other methods to study protein interactions and each method has its pros and cons. These methods will be briefly described below which is also discussed in reviews 54,55 of Weibrecht, I. et al and Blokzijl, A. et al. with more detail for other aspects.

One of the most common methods to study protein-protein interaction is coimmunoprecipitation (coIP) in which the target antigen is retrieved with a specific antibody binding to a protein A/G attached on the beads from a mixture of analytes 56 . Generally, the cells are first lysed under non-denaturing conditions while the protein complexes are **** Prostasomes: extracellular vesicles released by prostate epithelial cells. also kept intact. After cell lysate is mixed with the antibody, antigen with interacting protein and the target antibody is pulled down by beads carrying A/G protein as affinity ligand with centrifugation. Finally the analyte is eluted from the support and analyzed with mass spectroscopy or western blot. Even though this method is useful for finding new protein interactions, it is not possible to detect weak or transient interactions 57 . As compared with analyzing western blot, more precise quantification of signal can be obtained with PLA. For analyzing CTCs or tissue samples, co-IP has disadvantage of having extra steps of lysing and separation which loses the morphological information and single cell information. On the other hand PLA offers visualization of the signal to observe where the interaction occurs at a single cell level.

Since PLA is performed on the fixed cell, a simple immunofluorescence protocol can be also applied to detect the presence of other proteins at a single cell level, which is very important for CTC analyzing since CTCs are often heterogeneous.

Another classical method for detection of protein interactions is Förster resonance energy transfer (FRET). It involves energy transfer between a donor and acceptor fluorescent molecule having a overlapped emission/absorption spectra 58 . When these two molecules are separated between 1-10 nm, as the donor molecules is excited, a non-radiative energy is transferred and excite the acceptor molecule giving rise to fluoresce. In vivo, proteins can be labeled with antibodies attached to these pair molecules to detect protein interaction and also study conformational change of proteins. The advantage of FRET is of use in living cells. But the technique suffers from photobleaching and high auto-fluorescence in tissue

samples. An alternative to this method is bioluminescent resonance energy transfer (BRET) using bioluminescent luciferase as an energy donor in which it gives off light when it is converts a substrate under oxidative conditions. This approach avoids some of the problems of FRET such as auto-fluorescence, damaging light sensitive tissue and photobleaching both donor and acceptor. However both methods are inefficient when the protein of interest is not expressed enough or too high and also when the proteins are misfolded. Despite these methods could provide single cell level resolution, the quantification of the signal would be so complicated in our Ephesia system having a very large area of region of interest due to photobleaching.

Another technique has been used to detect protein interactions is VeraTag® assay, This method also allows detecting protein expressions level, post-translational modification in various samples such as formalin-fixed paraffin-embedded (FFPE) cell lines, xenografts, human tissues and peripheral blood mononuclear cells (PBMCs).It is based on recognition of proximal antibodies with fluorescent molecules cleaved by radical oxygen species. More in detail, an antibody conjugated with fluorescent-reporter tag and another antibody conjugated with biotin bind to specific epitopes of the target proteins in close proximity. Following the conjugation of biotinylated antibody with photosensitizer molecule (PM), the sample is illuminated at a specific wavelength in which PM generates free radical oxygen. As these species are short lived and have limited diffusion, fluorescent reporter tag in proximity is cleaved by species and released off. Thereafter fluorescent tags are detected in standard capillary electrophoresis which is proportional to protein/dimer level 59 . VeraTag has been shown to detect HER2 protein levels and HER2:HER2 homodimers and correlate with longer patient survival metastatic breast cancer after treatment with trastuzumab. Patients with higher level of HER2 protein and HER2:HER2 dimerization levels benefited less from the additional chemotherapy treatment to trastuzumab 60 . However the disadvantage of this method is the loss information on the signal source; whether the dimer signals comes from the invasive cells or unaffected stromal cells, which makes the technique unsuitable for routine clinical analysis. Similarly, this would be an issue for our application detecting HER2:HER3 dimerization on CTCs interfering with the signals might result from contaminant white blood cells.

Other techniques for the study of protein interactions usually involve prior modifications of cells so they cannot be used for analyzing clinical samples such as CTCs or tissue samples but more suited to investigate fundamental events in cell lines. Examples of those techniques require incorporation of reporter gene into the cells so that expressed proteins are fused with fluorescent protein.

Thus, PLA is highly sensitive and specific method for detection of protein complexes with minimal volume consumption. PLA can also be multiplexed and its dynamic range can be increased depending on the application so these features makes it powerful tool for large number biomarker analysis. Its flexible configuration capacity and different read-out modes allow analyzing different kind of sample for a variety of targets. Most importantly, for our application to study protein interactions on CTCs, PLA is the best option, with advantages of precise signal quantification at the single cell level, giving information about cell-to-cell variation.

All in all, HER family dimerization levels have significant implications in clinics for determining progression of disease. Especially HER2:HER3 dimers have been found to increase tumor aggressiveness, and a recently discovered monoclonal antibody, pertuzumab, has shown promising efficacy inhibiting HER2:HER3 dimers. In combination with trastuzumab, it did show a synergetic effect increasing the patient survival. However, the predictive value of HER2:HER3 has been showed in only one study, where detection of HER2:HER3 is combined with loss of p21 marker. Therefore more studies are necessary to evaluate the role of HER2:HER3 dimers for stratifying patients or monitoring patient's outcome before/in the course of treatment/after treatment. To our knowledge, so far all the studies investigating HER dimers have been performed on tissues samples. With this approach, one cannot use this biomarker to follow the temporal evolution of the disease, and to reveal possible different status of primary tumor and metastases. We thus believe that studying HER dimers on CTCs can provide additional valuable information, especially for monitoring the patients during the course of treatment giving indication whether the drug show efficacy or not. PLA offers great advantages for detection of protein interactions and as elaborated above, is the most adequate method, being robust, sensitive and providing spatial morphological information. 

OPTIMIZATION OF MICROFABRICATION OF COC EPHESIA

The first consideration to integrate PLA into the Ephesia system was to adapt the fabrication material to be compatible with the protocol. The PLA protocol contains steps requiring heating up to 37°C, and previous Ephesia chips, made of PDMS, led to potential problems upon heating due to its permeability to gases. This could lead, for instance, to the creation of air bubbles, disrupting magnetic columns, the evaporation of the reagents during the long incubation times. For this reason, it was decided to switch to a thermoplastic material, cyclic olefin copolymer (COC), for microfabrication. The use of COC has been increasing over the years, since it offers several advantages over PDMS: COC chips can be prepared in mass production by hot embossing or injection molding, not requiring delicate clean room techniques. As a material it is inert and highly resistant to hydrolysis, acids and alkalis, and most organic polar solvents such as acetone, methanol, and isopropyl alcohol. Other important properties in the present application are high purity, good biocompatibility, and excellent optical properties, notably high transparency in visible and near ultraviolet 61 .

A previous Ph.D. student of the team, Karla Perez-Toralla, had developed a protocol for replicating COC Ephesia using a master mold made of NOA (Norland optical adhesive).

For further COC replication, hot embossing parameters were optimized during the course of this PhD. The Ephesia device is made by the bonding of two microstructured parts, a top part comprising the microchannels array, and a bottom part comprising the microwells used for capillary assembly of magnetic beads. The fine structures of the upper part involves microstructures below 10μm in width, impossible to prepare with conventional micromillig instrument An alternative method is to use NOA for making master using a PDMS sacrificial mold for transferring the structure from a SU-8 master. This way provides NOA master molds for hot embossing of COC. They have, however, a limited lifetime of about 10 times usage. In order to avoid this, a nickel master mold has been produced by LIGA process (a method to fabricate microstructures using lithography, electroplating and molding) on a stainless steel disc (AREMAC-Polymer), and the hot embossing parameters were optimized for this new master. A NOA master mold produced from a sacrificial PDMS mold was also used for the bottom part. A Nickel master mold has been produced for this bottom part, but ultimately it could not be used because the minimum thickness of the disc was not compatible with the rolling embossing machine. Roll embossing is needed for the bottom part, because the high resolution imaging used in the PLA protocol for fluorescent signal detection requires a lower layer with a thickness of no more than 250μM, with micrometer thickness uniformity. In spite of numerous attempts, such uniformity could not be achieved by hot embossing in a press, so finally a NOA master had to be used for the bottom part of the chip.

Hot embossing is based on the stamping the desired structure by softening the substrate above the glass transition temperature (Tg) and applying the pressure. In this thesis TOPAS® 8007S-04 has been used whose Tg is 78 °C with 0.5 mm thickness for upper part and 245μm for bottom part. Bottom part is replicated with a dry film laminator, upper part replication and sealing is made by hot press. The final optimized parameter for COC Ephesia microfabrication is summarized in Note: For upper part fabrication, the plate is heated starting from 80 to 125 °C and for sealing , a PDMS replica, where the parts of chamber is removed, is put on top of the COC to avoid the collapse of chambers during .

In summary, the fabrication of COC Ephesia is done by press using hot embossing for

upper part and roll embossing for the bottom part which is very thin. A nickel master is used for upper part and a NOA master is used for bottom part, which is made by sacrificial PDMS mold. After chip preparation, the fabrication of the final device follows the same protocol as with PDMS fabrication. Capillary assembly is done with a different composition of solution, having less surfactant concentration. This was required to adapt the contact angle of the recessing meniscus, critical for capillary assembly, due to the different hydrophobicity of COC versus PDMS (see details in ANNEX II). The surface treatment of the chip was also different: instead of PDMA-AGE, a solution of Pluronic (1%in H 2 O-F127) is incubated for an hour to decrease the non-specific adsorption of beads and cells on the chip 62 .

INTEGRATION OF A TEMPERATURE CONTROL SYSTEM

Another very important requirement for performing the PLA protocol in the chip was to have a temperature control system on the system. A specific difficulty of the Ephesia system is the need to keep the magnetic field on during all treatment and imaging to keep the magnetic columns in place. Thus, the protocol must be performed in situ, and the heating system must preserve the possibility to perform imaging with high magnification, and be compatible with the presence of a magnetic coil around the chip during whole experiment.

Therefore for heating, we have selected an Indium Tin Oxide (ITO) coated glass slide which can be easily manipulated to heat by applying appropriate voltage to reach the desired temperature. Indium Tin Oxide is transparent and electronically conductive 63 . It has a wide application range in industry such as electronics, smart windows, and thin film photovoltaics, or aircraft windshields for defrosting. It is also used in research, e.g. for electroporation of cells for inserting molecules such as DNA 64 , for monolayer culture of different cell types like endothelial and neuronal and also as stimulation/recording electrodes for mapping of whole heart preparations 65 .

For the Ephesia system, ITO glass slide is connected to a custom made module comprising a high accuracy temperature control system for adjusting the temperature. The temperature is read by a thermocouple and a PID (proportional-integral-derivative controller) regulator provides output for reaching or maintaining the temperature 66 .

Implementing ITO into the system required shape matching to the chip and ensuring a homogenous heating over the surface. Due to difficulties in finding commercially or prepare an ITO covered circular 5 cm slide, the heating slide was cut as square having a diagonal length of 5 cm with 3.5 cm edge length to fit into the magnetic coil. Later the electrodes were soldered on a copper sheet that was glued all along the two sides of the slide with silver conductive glue. This allowed having a homogenous current applied on the whole surface. Finally the heating distribution was confirmed by measuring the temperature in the center and in the side of the chip with an external thermocouple. It was observed that the temperature in the center was matching to the one measured by the external thermocouple confirming the accuracy of the control system. However the temperature measured at the side had difference of about 3-6°C. We interpret this difference as a consequence of the limited coverage of the chip by the heating slide, and also of the presence of the surrounding magnetic coil, which has a high heat capacity and must be cooled to avoid internal damage of the coil. This non-uniformity could affect the reliability of the system, in particular regarding the homogeneity of the PLA signals, within the chip due to the sensitivity of the enzyme to the temperature differences. This problem was finally solved by supplying heat by the water cooling system of the magnetic coil: When this cooling water is heated up to 30°C, the temperature non-uniformity of the chip is reduced to only 1°C.

It is also very crucial to avoid temperature overshooting not to diminish the enzymatic activity by degrading it with high temperatures. So for that, the internal parameters of the temperature controller have been adjusted to increase the temperature slowly after around 30°C to reach to 37°C. Finally, insulation from external air was achieved by an aluminum sheet to keep the heat stable. Details of heating measurement are given in In the final protocol, this ITO glass slide is integrated in Ephesia system, under the chip, allowing optical observation during the experiments. This heating element is removed at the end of the PLA protocol for high resolution imaging (60X) by taking out the ITO glass slide under the coil meanwhile the chip is lifted in the magnetic coil without removing it completely. To have statistically relevant data, for each condition, series of images having at least 100 cells are captured. Particularly for microchip experiments, at least 15 images at different area are captured from each capture chamber and if the total number cell is below 100 more picture is taken. This was to evaluate whether there is a significant difference in signal level throughout the chip. In the case of high difference, it would suggest inhomogeneous dissolutions of reagents due to inhomogeneous flow rate in different capture zones, which would compromise reliability of the system. A detailed investigation of signal homogeneity in capture zones will be later done when more data is collected.

Proper signal quantification requires series of image treatment and analyzing of large number of image and/or objects. For tackling large number of data, most adequate way to analyze is automation. In this regard, CellProfiler software offers unique properties having flexible setting options with user friendly interface that can process thousands of images. So for our application quantifying PLA signals is extremely useful method. CellProfiler is free software developed in Broad Institute Imaging Platform 71 . It works based on applying sequential modules to the collection of images (image processing functions) within so called 'pipeline'. Modules can be easily adjusted depending on need and for each specific assay/project; a unique pipeline could be created or easily transferred from an already developed pipeline. They already offer several ready pipelines for many different applications. Except CellProfiler, Fiji (open source image processing package 72 ) was also considered to be used for signal quantification with a plugin called 3D object counter that counts the 3D objects in a stack. This method would be very useful for our application to avoid miscounting the signals that could be at the same x,y position but different z level since the cells captured on the beads are in highly 3D volume. However it was found to be difficult to process the images in an automated way. Actually, CellProfiler can run functions from Fiji, however, when it was combined to run with this plugin for the sake of automation, image analyzing had turned into a cumbersome processing besides it was difficult to find proper parameters for counting. Therefore it was decided to use CellProfiler for analyzing with 2D images that is converted from Z-stack images.

For obtaining 2D images, several methods were tried with different image treatment parameters, by either using CellProfiler or Fiji (Data not shown). Finally it was decided to first use Fiji for obtaining 2D images and then CellProfiler to perform image analysis for signal counting. Parameters were defined as shown in Table 4-2-4 depending on different magnification and cell lines when needed. These parameters were applied to each stack of images by using batch processing and then the images are stored in a folder. First, illumination correction is applied to both nucleus and PLA signal in order to remove the uneven signal across the field of view due to illumination; this is important to accurately identify the objects (nuclei, PLA signal). For nuclei, Image intensity is measured and a calculated level of thresholding is applied to set pixel intensities below threshold to zero. After thresholding, nuclei signals are corrected in case of uneven signal intensity of nuclei which could sometimes create holes or defects in identifying nuclei. By applying Otsu thresholding method, nuclei are detected excluding the signal below 50 and above 180 pixel diameter signal. The size of object is important to distinguish dust/impurities from actual signal especially in chip experiments, it is very usual to have impurities giving signal in DAPI filter and the defined size of objects is determined not to exclude even very small cells. Secondly, the cytoplasm of the cell is defined as secondary object by expanding the edges of primary object with a specified distance. Depending on the experimental set-up the secondary object can indeed be identified by a cytoplasm staining that shows where the actual cytoplasm is, in our system cytokeratin staining could have been used however, it is known that not all CTCs have cytokeratin staining, besides it may not always stain the whole cytoplasm so this could cause missing PLA signal in counting. Also since a prior image treatment is applied, the auto-fluorescence signal of beads is removed and capturing in chip is mostly as single cells so this does not create problem of distinguishing cell cytoplasm. Once the cytoplasm is defined, this image is used to ignore the area which is not selected as cytoplasm (masking) so only signals defined in this area will be counted in the downstream processing. PLA signals are enhanced using speckles operation with feature size of 7 pixels (average size of a PLA signal) and then identified by using robust background thresholding with the range of 3-15 pixel size. These signals are counted and related to each nucleus. Finally all the information is exported to excel spreadsheet, how many object is identified per image and per nucleus. 

OPTIMIZATION OF INDIRECT PLA PROTOCOL ON GLASS SLIDES

For integrating the PLA protocol into the chip, the conditions of each step of the PLA protocol were first optimized on glass slides and then applied on chip to check whether the results are comparable with each other. However, with the chip experiments, not all the steps could be performed the same way as on glass slide, so some conditions had to be optimized specifically (All different optimized steps for chip will be explained in the upcoming sections). Overall, the main objective of the optimizations on glass slide was to find conditions maximizing differences of signal level between the positive and negative cell lines. In particular, we sought for conditions providing discrete and not overlapping distributions of signals using different cell types, in order to define a reliable threshold value.

For optimization of the protocol on glass slide, mainly the concentration of the primary antibody (1° Ab) and time of permeabilization were optimized, along with the confirmation of the specificity of the PLA assay. The time of washing steps and the washing volume were also investigated as they could affect the level of non-specific signal. Besides, since the target antibodies are on cytoplasmic cell membrane, the shape of the cell is also important for the quantification of the number of PLA signals: their overlap may depend on whether the cell has spread well on the surface or not. With the Ephesia system, the cells are directly captured after trypsinization; therefore the cells keep a round shape, where the PLA signals can be positioned on top of each other. That is why for most of the glass slide experiments, the cells were cultivated as shortly as possible, just enough time for attaching on the surface (~3h) and then fixed, in order to minimize their spreading on the surface, and retain conditions as close as possible as for the Ephesia system.

The PLA protocol was performed as recommended by the Duolink In situ User Manuel (Fluorescence) respecting the ratio of all the reagents, see FIGURE 4-2-5 by using Duolink® In Situ detection reagents and PLA probes. Briefly, cells are fixed on a glass slide by 4% PFA. If the glass slides will be used later, the slides are dehydrated with 70%, 90% and 100% ethanol, dried and stored in -20 °C freezer for short term (max 3-4 weeks), or in -80 °C for longer term. If slides will be used directly, it is followed by permeabilization with 0.1% Triton 100-X and incubation with blocking solution. Then, primary antibody is incubated overnight at 4°C. After stringent washing, PLA probes are incubated at 37°C for 1h. PLA probes were chosen according to the species of primary antibodies, which are different from each other. Later, ligation and RCA reaction are performed followed by washing steps. Finally, the glass slide is dried and mounted by DAPI-mounting media to prevent photo-bleaching and achieve nucleus staining. For All PLA experiments on glass slides, sterile 8-well glass slides were used for multiplying the conditions on a single slide. Also for all PLA experiments, 8-chamber hybridization gaskets (Secure-Seal™, ThermoFisher) were used for the sake of simplicity and avoiding drying of the solutions during incubation steps. For our application of studying HER2:HER3 interactions, antibodies and PLA kits used is listed in Annex II to optimize the conditions. •Cell seeding for 3 -4h.

•Cell fixation, 20 min with 4% PFA

•Washing with PBS-BSA 1%

•Permeabilization, 15 min with 0,1% Triton X-100

•Washing with PBS-BSA 1%

•Blocking incubation, 30min at 37°C

•No washing

•Primary antibody incubation at 4°C overnight

•Washing with solution A

Day 2

•PLA probe incubation , 1 h at 37°C

•Washing with solution A

•Ligation, 30 min at 37°C

•Washing with solution A

•RCA, 100min at 37°C

•Washing Steps with solution B

•Mounting DAPI media Day 3 As a first step, antibody pairs were chosen to be compatible with the design of the chip experiment. In the chip, magnetic beads used for capturing the CTCs are conjugated with an anti-EpCAM raised in a mouse having IgG1 isotype (clone Ber-EP4). Thus, to have minimum non-specific antibody interaction, the first antibody pair for HER2 and HER3 was chosen with different species as rabbit and goat.

PRELIMINARY ANTIBODY TITRATION AND OPTIMIZATION OF PERMEABILIZATION TIME

To have a clue on the concentration range to be used, series of primary antibody dilution were tested, 20, 50 and 100 th dilution for both antibodies, α-HER2: ~0.2mg/ml, α-HER3: 0.5mg/ml, Here, for each antibody, the same dilution factor was used to avoid confusion during the experiments, even though the final concentration is not the same. According to the result of this experiment, by visual inspection of the images, it was concluded that the 100 th dilution of antibodies gave better signal quality, with less superposition of signals. Therefore for control, experiments, the 100 th dilution was used. Furthermore, to eliminate possible variations for further optimizations steps, the effect of the cells permeabilization time on PLA efficiency and signal quality was investigated. Moreover, permeabilization time is also critical for cytokeratin staining. This staining, which is needed for positive CTC identification in diagnosis application, will have to be integrated into the full PLA protocol (More details can be found on the next sections). Finally, it is also important not to permeabilize the cells for a too long time to avoid protein damage. For that, 10 min and 30 minute permeabilization times were tested for both rabbit-mouse and rabbit-goat antibody pairs. In FIGURE 4-2-7, it is observed that there is no significant difference between 10 or 30 minutes and also between different antibody pairs. Only slightly higher signal is observed in image A. Since these cells have a bigger size, it is expected that they were analyzed at a later stage of cell cycle state, in which cellular contents might have been increased for division, and thus have higher expression of targets. According to these results, it was decided to apply 20 minutes of permeabilization time. 

EVALUATION OF PLA SPECIFICITY

After the preliminary titration, the specificity of PLA signal was checked with several conditions in which PLA probes or ligase or polymerase is omitted. These experiments showed no PLA signal, proving that there is no non-specific interaction between the fluorescently labeled DNA oligonucleotides and 1° antibodies and/or cell and for signal detection. These experiments also show that PLA give rise to signal only if two oligonucleotides on antibodies are ligated and these DNA strands are subsequently amplified using the circularized probe. In  it is clearly seen that there is no PLA signal observed in the form of bright spots. In images A and B there is still some fluorescent signal, but devoid of the characteristic pattern of PLA involving individual bright spots. Also, the absolute level of this fluorescence is significantly lower than of the spots observed with the complete PLA protocol. It was thus interpreted as an auto-fluorescence of cell nucleus. Due to its very low level of intensity which is as close as to the background signal outside of the cell (data not shown), it could be easily removed by brightness and contrast adjustment of ImageJ. Therefore, subsequent experiments were designed by omitting one of the primary antibodies or both, in order to determine the specificity of secondary antibodies with PLA probes, and prove that the signals obtained can undoubtedly be attributed to HER2:HER3 pairs of antibodies. These designs of experiments were performed to make sure that PLA probes are specifically binding to their corresponding 1° antibodies. Unfortunately, these control experiments gave PLA signal in the absence of one of the primary antibodies for both negative and positive cell lines when either HER2 or HER3 is removed. In , it should be noted that for SKBR-3 cell line, the signal for negative control is higher (F) when HER3 is removed, as compared to experiments in which HER2 is removed (G). Oppositely, the signal for negative control for MCF-7 is slightly higher when HER2 is removed (C), as compared to the one when HER2 is removed (B). Most importantly, the negative control signal level of positive cell lines is much higher than the positive control of negative cell line, which suggests that not all signals for HER2+HER3+ conditions could be attributed to HER2:HER3 interaction. Also this level of signal is definitely not negligible, although for negative cell line MCF-7, the level of signals for negative controls could be considered as negligible (B, C, and D). These results were confirmed a second time, with a new set of the reagents including washing buffers, eliminating the possibility of contamination of the reagents (exp. C8 and C9). These experiments show that secondary PLA probes non-specifically bind to cells and give rise to non-specific signals. Several assumptions could explain this.

First PLA probes could bind non-specifically to antigens present in the cell cytoplasm; however in that case, there should not be significant difference in negative control signals between the different cell lines. Secondary PLA probes are only raised against either mouse; goat or rabbit and cell lines models are of human origin in which all anti-mouse, anti-goat or anti-rabbit IgG antibodies has minimal cross-reactivity against human proteins.

So if there is cross reactivity of PLA probes on the cells, it would be most probably at around the same level. In image D and H, when the two antibodies are removed, the level of signals is very low and very similar for both cell lines. Yet, this does not explain the difference in signal level when one or the other antibody is removed in positive and negative cell line.

As a second possibility, this fact could arise from the high concentration of primary antibody, which could increase non-specific interactions between the antibodies 67 .

Third, host species in which secondary PLA antibodies are raised could react differently against different types of primary antibodies 68 .

Finally secondary PLA probes may not be specific enough, and thus bind to the primary antibodies non-specifically. So in this case, even if one of the primary antibodies is not present, the PLA probe that corresponds to the missing primary antibody could react with the other primary antibody, giving rise to a PLA signal. One should note, in particular, that secondary PLA antibodies are polyclonal, which could increase the risk of crossreactivity 68 .

Of course, all parameters of the protocol, such as antibodies concentrations, the temperature and the time of antibody incubation, stringency of washing steps leading to inefficient removal of excess of antibodies, can affect specificity.

For a start, the effect of concentration of each HER2 and HER3 antibody was investigated to see whether there will be a decrease in negative control signals. Also both anti-goat and anti-mouse HER3 antibodies were tested to see the effect of the different host species for secondary PLA probes. For that, two experiments were designed as reported in table below, in which either HER3 or HER2 antibody is removed, or one of antibody is diluted 10 times as compared to the other condition. The concentration of one of 1° ab was kept constant to see the effect of each antibody separately. These conditions were tested for both positive (SKBR-3) and negative (MCF-7) cell lines. 4-2-13 E,F,G,H) (indeed it was already at a negligible level as compared to when HER2 antibody is removed). Moreover, when the signals were compared between the goat and mouse HER3 antibody, again there was no significant difference for either 100 th (A, B) or 1000 th dilution (C, D). This was similar also for MDA-MB-231 cell line with the same set of experiment (data not shown). Taking into account these two sets of experiments, it was concluded that there was no significant different between anti-mouse and goat PLA probe, both giving non-specific signal when HER3 is removed. The signals with 1000 dilution seem of better quality, having more distinguishable signals due to the low number of signals (FIGURE 4-2-14). Further experiments were performed with mouse HER3 antibody, since this is a monoclonal antibody, which is considered more specific as compared to polyclonal ones. The mouse antibody was also confirmed not to interact with EpCAM beads, which will be later discussed. More importantly, it was observed that removing HER3 leads to more significant non-specific signal, as compared to removing HER2 antibody. In both negative and positive cell lines, when the HER2 antibody is removed, a very low non-specific signal, which can be considered negligible, is obtained. These results suggest that secondary PLA probes non-specifically bind to primary antibodies, giving rise to non-specific PLA signal, and higher levels of non-specific signals are observed in the SKBR-3 cell line, due it its high level of HER2 expression. Additional experiments were performed to confirm whether dilution of antibodies by 1000 fold results in non-specific signal or not, using α-rabbit&α-mouse PLA probes for both negative and positive cell lines. It was observed that the non-specific signal is still present in two separate experiments with different passage number of cells confirming that it is not an experimental error, This time as negative cell line, MDA-MB-231 cell line was used for easier signal quantification because MCF-7 cells tend to be more clumped together. 

DECREASING THE PRIMARY ANTIBODY CONCENTRATION

Considering that a 1000 times dilution may not have been enough to prevent non-specific signals, we further investigated the possible source of non-specific signal due to high 1° antibody concentration by a wider range of dilution of the 1° antibody. Series of antibody dilutions were applied to observe whether it could be possible to achieve to decrease in non-specific signal for the SKBR-3 cell line, while keeping a significant difference in signal level between positive and negative cell lines. So, two different sets of experiments were performed in parallel with positive and negative cell lines. These results show that there is a significant decrease in positive signal for each cell line, as the concentration of primary antibody is decreased, which is expected. For 100 th and 10 000 th dilutions, signal level for positive cell line is significantly higher than negative cell line, enough to set threshold, however, for 1000 th and 5000 th dilution of antibody, the difference in signal level for positive and negative cell line is not significant so these conditions definitely cannot be used for thresholding according to these sets of experiments.

(FIGURE 4-2-16). The differences in signal levels between the two populations, positive and negative cell lines were concluded by analyzing with two-sample t-test in Origin assuming that data fits to Gaussian distribution under the conditions when equal variance is not assumed at 0.05 confidence level. P value >0.05 mean that the two data are not significantly different. Similar experiments were performed in presence or absence of anti-HER3 primary Ab to investigate the influence of the HER2 primary antibody concentration on non-specific signal with SKBR3 cell line.

The signal levels for positive and negative control was shown to be significantly different only with 100 th dilution (FIGURE 4-2-17). However, there is no more significant difference between positive and negative signal at 1000 th 5000 and 10000 th dilution suggesting that the resulting PLA signal may not be entirely attributed to HER2:HER3 dimerization signals but could involve non-specific signals. When the signal levels of negative and positive control are compared in positive cell line; as the primary antibody concentration is decreased(FIGURE 4-2-17, in blue), no significant decrease is observed for non-specific signal suggesting that the decreasing the antibody concentration does not improve signal specificity.

Moreover, decreasing 1° primary antibody concentration would not help because the difference/ratio between positive and non-specific signals is decreased too, this could further affect the reliability of the system (FIGURE 4-2-16). and positive signal in negative cell line. Within all conditions, it is observed that there is no significant difference between these situations. Provided by the fact that significant difference in signal levels between positive and negative cell line is conserved, it could be considered that the level of non-specific signal can be negligible. According to these two sets of experiment; the best condition is with 100 th dilution in which positive cell line has significant superiority over negative cell line as well as the negative control/non-specific signal. But 100th dilution is not appropriate due to its high degree of signal overlapping; therefore further investigations were done with 1000 th dilution. Moreover, in other experiments it was observed that the level of non-specific signals were significantly greater than signal level of negative cell line at 1000 th dilution on the contrary to this set of experiments. Thus, more data is needed to conclude whether it is negligible or not. protocol. These results demonstrate clearly that the non-specific signal is significantly higher than the positive signal for negative cell line, suggesting that no appropriate signal thresholding could be defined with this level of non-specific signal. This means it may not always be possible to distinguish the signal difference due to effect of targeted drug or not. Overall, it was concluded that with the antibody pairs used in our system, the non-specific signal is mainly due to interactions between primary antibodies and PLA probes. I reached this conclusion based on the fact that these non-specific signals are much higher level in the absence of α-HER3 than in the absence of α-HER2 in positive cell line model.

Taking account into consideration the fact that a dimerization of HER2:HER2 occurs at high HER2 expression levels, which is the case for SKBR-3 cell line, the high level of HER2 dimers could indeed yield positive signals (non-specific signals in this case) in the absence of HER3, if anti-mouse or anti-goat PLA probes also bind non-specifically to anti-HER2(rabbit) antibody. This hypothesis might also be supported by the fact that the level of non-specific signal increases with increasing number of passages of the cells, associated with a higher level of differentiation potentially increasing HER2:HER2 dimer levels (See Annex II, TABLE 4-II-9).

ELIMINATION OF NON-SPECIFIC SIGNALS

According to the results of the experiments described above, the positive signal (nonspecific signal) level for negative control experiments was repeatedly persistent. It showed no significant difference in negative control signal between different host species therefore non-specific signal is not due to discrepancy of cross reactivity of different PLA probes. Also decreasing the primary concentration up to 5000 fold did not help to decrease the non-specific signal.

So at this point, it was decided to optimize the PLA protocol further to be able to decrease non-specific signals and/or decipher the underlying mechanisms. There were two main aspects to be yet confirmed: either inefficient washing step or insufficient blocking step causing the excessive non-specific interactions. Therefore, several attempts to remove these nonspecific signals were done by changing the volume of washing solution and applying additional blocking incubation step.

INCREASING VOLUME OF WASHING SOLUTION

Firstly, how volume of washing solutions would affect the non-specific signal was investigated. It was suspected that the washing steps after PLA probe incubation was not efficient to remove excess PLA probe due to the lower volume of solutions used in hybridization chambers that can take 40 μL. These chambers were used for practicality and in previous experiments, it had not been removed between any steps so for each washing step, 40μl of solution had been used. However, Olink protocol suggests using 70ml of solution for each washing step. It had been kept used before, because there was no signal observed on the surface on the glass slide, outside of the cell cytoplasm suggesting that lower volume of washing solution does not cause non-specific interaction. But it might be critical for non-specific interaction on cell surface so the volume of washing was increased as suggested and compared with using 40μl of washing volume. Results and conditions for Olink protocol and the one used in our experiments are depicted in tables below. Note that also time of washing step had been increased in contrast to recommended protocol which might have an effect in kinetics of dissolution of antibodies.

. This experiment (S14 and S15) was performed as parallel with the same passage of cells and repeated only once. However, it was concluded that adding blocking step before PLA probe incubation did not improve to remove non-specific signal (Table 4-2-12). On the contrary, it seems that it had slightly increased the number of non-specific signal and also positive signal. So it was decided to continue to use the previous protocol as S12.

As a summary of section 4.2.3, we faced serious problems of non-specific generation of PLA "spots", making the definition of a reliable threshold between "positive" and "negative" cell line problematic. Thorough attempts to adapt the protocol conditions to reduce this non-specific signal, using the strategy proposed by the kit provider, did not provide a solution to this problem. The overall protocol involve enough steps, so that room for testing further modifications is virtually endless, and we cannot ascertain that solutions could not be found by further work in this direction. It seemed to us, however, that this strategy involved serious risk of accumulating vast amounts of work with no guarantee of success, since the molecular origin of the problem remains unknown. The indirect PLA method involves using secondary antibodies with oligonucleotide conjugates directed against the host species of a primary antibody bind to the antigen of interest. This strategy has its advantages, in particular in terms of production, and not requiring conjugating primary antibodies altering its affinity thus a large number of commercial available primary antibodies can be adapted to a large number of antigens. However, one has essentially no control on the detailed epitopes of secondary antibodies from different species, and we concluded above that cross-reactivity between these primary and secondary antibodies could very plausibly be the main cause of our problems. We thus decided to use direct PLA strategy, based on a less versatile but more specific approach, directly conjugating PLA probes on primary antibodies to HER2 and HER3, respectively using commercially available Probe Maker kit.

DIRECT PLA WITH PRIMARY CONJUGATES FOR HER2:HER3 DETECTION

ProbeMaker kit allows conjugating primary antibodies from any species by DNA strands provided that the antibodies must have concentration of 1 mg/ml in an amine free buffer, ideally PBS and may contain up to 0.1% BSA, 5% trehalose and 0.02% sodium azide.

For each conjugation protocol, 20μg of antibody is needed. The antibodies used in this section are listed in TABLE 4-II-10. The protocol for antibody conjugation is described in ProbeMaker user guide, and can be found in Annex II.

Using direct PLA method, higher specificity is expected by eliminating potential non-specific interactions between primary and secondary antibodies. It gives possibility to use antibodies from the same species. Besides, it allows a reduction of the number of steps, reducing causes of errors and uncertainties, and decrease total experimental time by removing the need for PLA probe incubation and washing. In the direct PLA method, the protocol described below (S27) was applied to the following experiments using conjugated primary antibodies. Firstly the concentrations of primary antibodies were optimized keeping other conditions such as fixation, permeabilization and blocking steps. As a start, the same concentration of antibodies used in indirect protocol was applied, which corresponds to 2000 th dilutions for conjugated antibodies. However, this was not enough to give signal; this was most probably due to the conjugation protocol that might affect affinity of antibodies at the binding sites 43 .

Also the efficiency of conjugation protocol is probably not 100% so there might be some antibodies left without any DNA conjugation which would not give any signal in case of binding to the target. Therefore series of lower dilution were applied to determine the optimum concentration and test the absence of non-specific signals. demonstrated that even at a high concentration there is no non-specific signal (blue)

suggesting that the direct PLA protocol is much more specific that the indirect method tested previously. These experiments however, showed that the concentration range should be narrowed to have the highest dynamic range for setting the threshold between positive and negative cell line. Therefore, a range between 50 and 250 th dilution was tested for optimal concentration. These experiments (Figure 4-2-22) showed that as the concentration decreased the difference between positive (orange) and negative (green) cell line is increased (appx. from 7 th to 20 th fold) as expected. It is seen that for conditions 150 and 250 dilution for SKBR-3 cell line has a high error bars ( All in all, it was concluded that using direct PLA method was the best option showing no non-specific signal even at a very high concentration for both positive and negative cell lines. The results suggest that the non-specific signal most probably is due to secondary PLA probes having cross-reactivity with primary antibodies. For each dilution condition it is observed that the significant difference in PLA signal is achieved between positive and negative cell line. In order to have the highest sensitivity to observe dynamic changes of protein interactions, the best condition would be to have the highest dynamic range between positive and negative cell line signals. Therefore, according to these experiments, 200 th dilution was chosen as the optimal concentration to be tested in the chip experiments having a 20 fold-signal difference between positive and negative cell line. N=2 for each value Some of these optimizations were done in parallel with optimization on glass slide. It should be kept in mind, however, that several steps in the PLA protocol which cannot be performed exactly the same way on chip and in glass slide. First, the 1° ab incubation is performed at 4°C on glass slide in order to reduce non-specific interaction. In chip experiments, due to the magnetic coil, the chip cannot be kept at 4°C; therefore 1°antibody is incubated at 37 °C for an hour. Second, the mounting media cannot be injected without dilution, as it might destroy the magnetic columns due to its viscosity. Finally, in chip a blocking step was necessary to further optimized to reduce non-specific interactions on the beads and cells. The consequences of these necessary modifications were investigated and the steps were optimized accordingly.

As a first step for implementation of the PLA protocol, the minimum volume of solutions was determined as 200μl in order to avoid unnecessary use of reagents. At the same time, the integrated temperature control system was tested making sure that the signals are obtained homogenously across the capture chambers.

ELIMINATION OF BACKGROUND PLA SIGNAL ON MAGNETIC COLUMNS

Preliminary optimization experiments were performed with an indirect PLA method using the same antibodies and PLA probe pairs. These experiments showed that there is a substantial background signal present on the magnetic beads. This could be due to crossreactivity between primary antibodies and/or PLA probes and the antibodies conjugated on the beads to capture CTCs. A negative control experiment showed that the non-specific signal is due to excess PLA probes or non-specific interaction, which could not be removed because of insufficient washing step (FIGURE Besides it was also decided to increase the washing step after the primary antibody incubation to better avoid possible non-specific interactions of primary antibodies. Furthermore, the effect of different PLA probes (anti-goat, anti-mouse) on background signal was tested using a longer time of washing step, but no significant difference was observed. So for primary antibodies, pairs of rabbit and mouse were used until conjugated antibody conditions were optimized because they are both monoclonal, which is considered to be more specific as compared to polyclonal.

COMBINATION OF PLA PROTOCOL AND IMMUNOSTAININGS FOR CTC IDENTIFICATION

Another very important aspect of the integration of PLA in the diagnosis process was to combine the CTC identification immunofluorescence staining protocols (CD45 and cytokeratin) with PLA protocol. Ideally, when processing any patient sample, after capturing cells in the chip, it would be better to first perform immunostaining, in order to check whether there are CTCs captured or not; and thereafter continue to perform PLA protocol on captured CTCs . Therefore, we first investigated whether it is possible to obtain good signal by applying first immunostaining steps and then the PLA protocol. Unfortunately, the staining signals drastically diminished after applying PLA steps. Therefore, we also tried to perform a second staining after PLA, but this did not allow recovering a good signal intensity level. Hence, it was decided to perform the PLA detection first and immunofluorescence subsequently, For optimizing this, combination of protocols, the effect of permeabilization time on cytokeratin staining was investigated by applying either 10 or 30 minutes of incubation (Previously optimized protocol for cytokeratin staining used 30 min incubation). There was no significant difference between either timing (FIGURE 4-II-3) so as for the PLA protocol, 20 min of permeabilization time was set for the combined protocol. Other critical point is the size of the signals which is dependent on amplification time; longer the time, bigger the size of the DNA blob and consequently the spot size, this also could cause unreliable signal quantification due to overlapping and beside image treatment parameters would be less robust. In the preliminary optimization experiments in chip, RCA step was performed overnight due to practical problems and long protocol times.

First, the time of primary antibody incubation time was set to 1h at 37°C, the same incubation time as PLA probe and same antibody dilution solution for minimizing background staining 43 . After optimizing more steps in the protocol, RCA could be performed as in the recommended protocol, 100min. It can be observed that there are more overlapping signals with overnight amplification (FIGURE 

OPTIMIZATION OF BLOCKING STEP FOR INCREASING DYNAMIC RANGE

After preliminary antibody optimization, the 100 th dilution was found to give highest difference between negative and positive cell lines. Thereafter, it was decided to further modify the protocol, using the same antibody concentration but increasing the blocking step duration to overnight at room temperature. Significant improvement was achieved, leading to higher dynamic range. When all data is averaged for both positive and negative cell line, the average signal for positive cell line is significantly greater than that of negative cell line (Figure 4-2-30).

By analyzing other negative cell line (MCF-7) and another cell line with intermediate level of HER2, a better defined threshold level could be obtained. This can be also compared with the white blood cells that are non-specifically captured on the columns when patient's samples are processed. Exp. 2

CONCLUSION

To conclude, in this part of my PhD, I have performed the proof of concept for the integration of CTCs capture, typing by immunostaining and protein interaction detection by proximity ligation assay, in the Ephesia microfluidic platform.

Several milestones needed to be achieved to develop integrated Ephesia platform with PLA.

First the previous Ephesia technology needed to be transferred into a thermoplastic material, in order to be able to apply high temperatures, which is required for some steps of PLA.

Therefore the microfabrication protocol was optimized using hot embossing. Another major limitation was the lack of a heating system that could be combined to the Ephesia platform without displacing the magnetic field. This was solved by integrating an ITO glass slide and a temperature control system allowing continuous experiment manipulation.

Other major challenges concerned the biological assay, first implementing a PLA protocol assay on chip, and second combining CTCs capture, immunostaining for CTCs identification and PLA steps. The PLA protocol was successfully adapted to the microfluidic format.

Through a study, the specificity of the protocol was determined for the detection of HER2:HER3 interactions, using different cell lines. The indirect PLA method proposed by commercial providers, using primary antibodies and PLA probes was demonstrated not to be specific enough, and we have chosen the direct method in which the primary antibodies are directly conjugated with DNA probes using Olink-Probe maker kit. Therefore optimal conditions were determined with direct PLA method, testing various antibody concentrations, and optimizing washing steps and blocking steps to achieve high quality signals in Ephesia chip. The optimized protocol was validated with positive and negative cell lines having a distinguished threshold level.

Furthermore, as signal quantification is crucial for analyzing PLA, a generic image processing parameters were determined in order to treat stack images and a specific pipeline was developed to quantify PLA signal using CellProfiler which is very powerful for automated image analysis.

Thus, a fully integrated platform was developed for detecting protein interactions on CTCs using Ephesia technology which can be used to monitor patients' disease progression.

Preliminary experiments could be performed with patient's samples, and demonstrated the possibility to observe PLA signals from real samples on a qualitative basis. Finally, a clinical trial planned to validate the method within a rigorous ethical and scientific frame could be established with Curie Institute's hospital, and will start soon.

FABRICATION OF NOA MASTER

1-Fabrication of Silicon Master

 Fabricate the desired pattern on 5inch SU8 master by photolithography (see Table 2.1)

2-PDMS Replica as sacrificial Master

 Prepare around 2 mm thickness PDMS mold with 10:1 ratio of curing agent.

3-Preparation of NOA Substrates

 Prepare 6x6 cm flexible copper sheets (flexible copper boards-FCB) bottom part or hard copper plates for upper part of chip.

 Clean them with acetone and isopropanol using lint-free wipes  Clean them with diluted phosphoric acid bath to remove oxides in glass dish and leave them for few minutes.

 Rinse with deionized water and dry with pressurized air or N2.

 Apply plasma treatment for 1 min to clean the surface.

 Pour NOA 81 on the FCB and spin coat with two steps at 500rpm for 10s and at 2000 rpm for 60 s.

 Expose UV for 10 min to cure NOA sublayer having around 10 cm distance between the light source and NOA substrate.

 Demold PDMS and do plasma treatment for 1 min to change the hydrophobic surface of PDMS to better fill the channels with NOA81.

 Pour few drop of NOA 81 on sublayer and make full contact with PDMS mold  Remove all the bubble by pushing and then by degassing in desiccator with pump.

 Remove the excess NOA by ethanol from the sides of PDMS mold  UV exposure of NOA for 1 min through PDMS mold.

 Demold PDMS from semi-cured NOA  Clean the cured NOA on the sides and make the surface smooth by scalpel; this is important for further sealing that there is no roughness for subsequent hot embossing part.

 Expose UV for 10 min.

 Check the quality of replication with profilometer.  Heat the master by passing it through the laminator at 140°C with the slowest speed where the aluminum plate is placed on the heated roller of laminator.

UV Light

 Then place the COC film between the master and polyamide sheet and laminate it at 140°C with slowest speed and lowest pressure (approx. 4kg.)

 Wait that the aluminum plate is cooled down and later it is demolded. For subsequent sealing of the chip, it is cut on the edges to remove the roughness caused by the imperfection of NOA master.

2-Capillary Assembly of Magnetic beads on the Bottom Part

The capillary assemble protocol is performed as it is described in the section 2. 

3-Replication of Upper COC by Hot Embossing

For both NOA and Nickel master, the same protocol has been applied with 0.5 mm thickness of TOPAS 8007-S04 and various different parameters has been tested to optimize the protocol. General steps are as followed below. Parameters tested and the results are detailed in  The COC plate is cut by 6x6 and then they are made round with 5-cm diameter by Rémy Fert and Eric Nicolau from service mécanique in UMR168 Institut curie.

 Clean COC with isopropanol by lintless paper and the master with only isopropanol  Make contact COC with master; place it in the hot press.

 Heat only the bottom part where the master is in contact, start first to heat at 80°C and then start to increase up to 125°C and apply pressure for 15-20 min.

 Cool the temperature of the bottom part until to 80°C.

 Demold the COC from the master.

Note: For nickel master it had been very complicated to remove the COC from the master, so after removing the master together with COC, it was cooled down on the ice and then it was easier to remove it, or sometimes this was not enough so some isopropanol was poured on the master and heated it back again so the little amount of isopropanol between the master and COC has helped to remove as it was evaporating with the heating. 

4-Drilling the tubing Holes

For the liquid injection, PTFE tubing with 0.56 mm ID x 1.07 mm OD dimension is used so the holes are made with 1.1 mm drill. Before it was done with 1.2 but then it was problematic to glue since the holes is too big and some glue was blocking the entrance of chip. After the drilling, COCs plates are cleaned in isopropanol with ultrasound. 

5-Sealing the

Cell labeling for Flow Cytometry

The experiments were done in cytometry: cell sorting and analysis platform in Institut Curie with BD LSR II Flow cytometry instrument with FITC and APC filter. The different control tubes and the details of the primary and secondary are shown in the table below.  Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Secondary antibodies are incubated at 100 times dilution for 30 min in 400 μL on ice.

 Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min.

 Resuspend the cell in 400 μL. Our device showed capture efficiency, and sensitivity comparable to CellSearch, and an excellent purity with regards to hematopoietic, cells, allowing for mutation analysis with conventional quantitative PCR. However it was necessary to continue to improve Ephesia platform, e.g. to analyze subpopulations of CTCs and to integrate molecular characterization assays, for example studying protein interactions.

TARGETING SUBPOPULATIONS OF CTCS

An increasing number of studies are showing that CTCs are heterogeneous and involve subpopulations in which some CTCs exhibits higher capability of initiating metastasis This new design allows injecting two different antibodies without any contamination between the two capture zones and retrieval of captured cells separately. We particularly aimed at isolating MICs population using CD44 antibody.

Preliminary results show that the upgraded design targeting subpopulations of CTCs may provide new insight about the role of CTCs in clinics, where other devices based on solely EpCAM antibody remains limited to capturing mainly epithelial population of CTCs. According to capture efficiency experiments using first EpCAM and then CD44 in Ephesia, it was concluded that highly mesenchymal-like cell (e.g. Hs578T cell line) populations can be missed by EpCAM based approaches but by using a mesenchymal/cancer stem cells biomarker, capture efficiency can be greatly enhanced. Moreover a reversed captured mode using first CD44 and then EpCAM can provide different information especially about cell population which is transient in epithelial/mesenchymal state. The main difficulty in this project was rather the lack of validated surface biomarkers for MICs not the fluidic adaptation. This part of my thesis is still in progression, so there are still many aspects to cover in order to fully validate this new design. For example it is necessary to verify the specificity of the isolation marker. The capture efficiency also remains to be quantified.

In the future, this device could be used as a flexible tool box to address any relevant biological question by simply changing the target antibody and adding critical CTCs detection markers and methods to learn biology of CTCs. The double antibody design would especially allow revealing subpopulations which are not captured by EpCAM depending on the capture mode, first EpCAM and then CD44. Another utility of the device could be to compare capture profiles using different surface antibodies such as (N-cadherin, EGFR, CSV and OB-Cadherin) to evaluate their specificity for CTC capture. As suggested before, it could be interesting to measure frequency of vimentin positive events in CTCs population to verify whether it is a reliable marker to identify mesenchymal population, in which some studies reported vimentin positive WBCs. Furthermore by including proliferative marker, Ki-67, a direct comparison can be performed between MICs and epithelial-CTC populations relating their quiescence state or capability to initiate new metastasis. Thus, profiling CTCs subpopulations before/after/during the course of treatment, disease progression may be evaluated according to their proliferative state.

Another possibility is to include further gene profiling studies on the subpopulations. Ephesia device has already been used to detect mutations before. Now, new design will able to capture wider range of CTCs from both epithelial and mesenchymal/stem-like/MICs populations. By comparing a wide range of targeted genes, new biomarkers for each subpopulation would be identified and especially changes of levels during the course of treatment may give information about the efficacy of drugs.

Finally, the partitioned chambers of new Ephesia design can be used to increase the purity of the collected CTCs, by using one of the chambers for further depletion of white blood cells and then capturing CTCs in a second chamber with a mix of several antibodies increasing the range of captured CTCs. Even though a very high depletion is achieved by the previously optimized Ephesia method, for sequencing methods, more purified CTC populations are required since WBC contamination interfere with the low number of target cell for providing quantitative gene mutation expression profiles. In Figure 5-1, it can be seen that there is still a significant capture on EpCAM antibody while most of the WBC are captured in the first zone, which can improve purity substantially, and eventually facilitating mutation detections by deep-sequencing analysis techniques with less WBC contaminant. A change in the material of the Ephesia chip was also needed. The original chip was optimized to be fabricated from a soft material, PDMS, which is not appropriate for protocols requiring heating due to its porosity to gases. Thus, the material of chip was changed to a thermoplastic material, cyclic olefin copolymer (COC). For that, a new microfabrication protocol was developed using several different methods; hot and roll embossing and NOA fabrication.

On the biological level, I adapted the PLA protocol to the microfluidic format, and to our specific diagnosis purpose: the objectives of this study were several: first, obtain technical compatibility, in terms of fluid manipulation, with full operation inside the chip. Second, achieve the highest specificity while having high quality signals, and finally achieve compatibility with the identification of other biomarkers such as immunophenotyping, in order to allow full characterization of CTCs. The PLA protocol was first optimized using standard glass slide experiments and an extensive investigation of PLA signal specificity was performed using two different PLA methods, direct (using only primary antibodies as a probe) and indirect ( using primary and secondary antibodies as a probes). The direct PLA method was finally chosen in order to implement into Ephesia, since it yielded more specific signals. Antibody concentration, blocking incubation steps and washing steps were optimized in chip with a specific surface treatment. Then, this adapted PLA protocol was combined with immunostainings in order identify to CTCs, Finally, the validation of this new assay was achieved with cell line models to characterize the detection of HER2:HER3 interactions in CTCs. Meanwhile, a specific signal quantification pipeline was created with the CellProfiler image analysis software, to allow for high-throughput, automated, quantitative and unbiased signal analysis. The results showed that the new adapted PLA protocol in chip is reproducible. It allowed discrimination between positive and negative cell lines regarding HER2:HER3 dimerization status. Finally, a preliminary application of this adapted PLA protocol (before final optimizations) showed the feasibility of detecting protein interactions in CTCs using patient samples.

The potential of this work will be particularly displayed with clinical validation of the system so we are eager to exploit integrated Ephesia system applying to clinical samples in order to understand how targeted therapies works, how protein interactions of CTCs would be used as a prognostic or predictive marker to facilitate personalized medicine. Especially by following the changes of CTCs counts and the level of HER2:HER3 dimerization before and after/during the treatment with trastuzumab and pertuzumab could give valuable information whether the treatment works or not. Moreover, as PLA allows analysis on a single cell A final improvement to the device yet to be achieved is to automate the imaging capturing for PLA signals with microscope. The current system performs fully automated CTCs imaging and detection, but only with a low resolution objective, 10X. In order to move our approach to the clinics, it will be necessary to develop another imaging program to capture PLA signal with higher resolution, 60 X captured at different level of stack, in order to be able to resolve individual RCA spots.

GENERAL PERSPECTIVES

The latest improvements of Ephesia system developed in this thesis have drastically increased its capabilities but there is still room for further improvements.

As discussed before, the detection and characterization of CTCs hold important potential for understanding metastasis mechanisms and/or functional studies, e.g. to investigate cytotoxicity and efficacy of potential targeted therapies. Our device capture cells alive, but is limited for such in vitro culturing due to the fact that cells are not released from the magnetic beads. This problem could be further solved by using aptamer based cell capture on the beads: As already reported for releasing of captured CTCs using nanoparticles 6 , one can imagine to use magnetic microparticles functionalized with streptavidin, conjugated with biotinylated aptamers. These aptamers could then be gently released using nucleases or the aptamer's complementary strand. Another approach could be to culture CTCs for a short term without releasing them from magnetic beads. This was already tested before with PDMS Ephesia design and the main limitation was the lack of integrated heating system.

Since our new device integrates a temperature control together with microscopic observation, these studies will be interesting to restart.

Another limitation is the need of using magnetic coil while experiment and image capturing are conducted. This is sometimes inappropriate since microchip cannot be moved from the microscope stage and the magnetic field must be maintained for the whole time during the image capture. Therefore, avoiding the necessity of using magnetic coil all the time can be extremely useful especially for image capturing which is currently have to be done immediately after experiments. This problem may be solved by replacing anchoring points with hard micro-magnets instead of using magnetic beads. Supposedly, anchoring points can be doped with 5μm thick NdFeB which could create around 1.4-1.6 Tesla magnetic field 7,8 . An external permanent magnet would be sufficient to maintain and enhance magnetic field to sustain magnetic columns in Ephesia. This improvement to the experimental setup was a small side project which I initiated during my thesis and is still under the development.
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  abandoned one state and committed to the other at lineage level characterized by both epithelial and mesenchymal lineage markers, not only showing the expression of related EMT proteins in epithelial cancer cells. Similarly, the evidences showing EMT related expression of transcription factors located at the invasive front of tumor61 and EMT markers observed in CTC are favoring the EMT-induced dissemination, but this again does not
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 213 The most common approach is based on biological properties (immunoaffinity) both in batch or microfluidics applications in which they can be isolated positively (a) or negatively (b) selected against WBC and red blood cells (RBC). Other methods involve their physical properties such as size (c), deformability (d), density (e), distinct electrical features (f) or response to inertial forces of CTCs (g).And lastly, recent advances include both physical and biological features for isolation of CTCs 62 .
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  CELLSEARCH® is the gold standard and the only FDA cleared technology for enumeration and detection relying on immunoaffinity. It has been validated for prognosis of metastatic breast, colorectal or prostate cancer patients and follow changes of prognosis during the course of treatment 55 . Basically, CellSearch system is based on the separation by positive selection of CTCs by means of magnetic nanoparticles (ferrofluid) with EpCAM antibodies. First blood sample is subjected to processing by centrifugation to separate plasma and then incubated with the ferrofluid. Then, cells attached to magnetic beads are brought to a single focal plane by an external magnetic field and are recognized by the positive staining for DAPI and CK (8, 18, and/or 19) and negative for CD45. Finally, the CK+DAPI+ cells are automatically imaged under microscope and the images are analyzed by operator

  CTCs encompass also electrical properties, density and response to inertial forces. CTCs have different electric properties than WBCs and RBCs having distinct polarizability depending on the cell diameter, membrane area, density, conductivity and volume. Thanks to dielectrophoresis (DEP) field flow, cells could be fractionated by either being pulled towards or pushed away from the electrode under inhomogeneous electric field80 . Recently a commercial device called ApoStream®, has been developed relying on this phenomenon80 (Figure2-1-4). This system also allowed label-free separation of CTCs spiked into 12x106 PBMC obtained from 7.5ml healthy blood with 75% (SKOV3-ovarian cancer cell line with intermediate EpCAM expression) and 71% (MDA-MB-231-breast cancer cell line with low EpCAM expression) capture efficiency. It shows promising results for isolation of CTCs from patients with metastatic cancers including NSCLC adenocarcinoma, breast cancer, and ovarian cancer81 . Another very interesting application of this property is to purify single CTCs by a technology called DEPArray™.They demonstrated isolation of %100 pure single CTCs and KRAS mutation analysis comparing to the primary tumor tissues by whole genome amplification82 . Simply, this method uses single-use microfluidic cartridge containing an series of individually controllable electrodes, each embedded with sensors in which single cells can be imaged, moved for recovery or in a different area to study cell-cell interactions83 .
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 2 FIGURE 2-2-4 EPHESIA DEVICE A) FINAL DESIGN OF THE CHIP B) CAPTURE PRINCIPLE OF CTC, C) SCHEME OF EXPERIMENTAL SET-UP WITH MAGNETIC COIL AROUND THE CHIP D) CELLS CAPTURED ON THE MAGNETIC BEADS AND CELLS AFTER IMMUNOSTAINING IN CHIP.

  50-250-1000 cells spiked (Figure2-2-5a). Depending on EpCAM expression, different profile of capture had been observed, lower the EpCAM expression is lower the capture efficiency (Figure2-2-5b) , however the capture rates remain higher than what was measured with CellSearch89 . The specificity of the system was determined by non-specific capture rate of Raji (B lymphocyte cell line) on the EpCAM beads. A high number of (10 6 ) Raji cells spiked alone into the PBS had resulted in capture rate of only 0.26% ± 0.13% (n = 3) (Figure2-2-5b). Similarly, mix of 50 MCF7 cell with 5x106 of Raji cells showed capture rate of 90% ± 1.4% (n = 3) for EpCAM-positive cells whereas only 0.2% ± 0.11% (n = 3) for EpCAM-negative cells. However capture efficiency was

FIGURE 2 -

 2 FIGURE 2-2-5 CAPTURE EFFICIENCY A) FOR MCF7 CELL LINE WITH DIFFERENT NUMBER OF CELL SPIKED INTO PBS, B) FOR DIFFERENT CELL LINES HAVING VARIOUS EXPRESSION OF EPCAM, IMAGE COPIED FROM REF. 89

FIGURE 2 -

 2 FIGURE 2-2-6 COMPARISON OF CTC COUNTS OBTAINED WITH EPHESIA AND CELLSEARCH, IMAGE COPIED FROM REF. 89

FIGURE 2 -

 2 FIGURE 2-2-7 SCHEME OF PHOTOLITHOGRAPHY PROCESS FOR SILICON MASTER

FIGURE 2 -

 2 FIGURE 2-2-8 GENERAL STEPS FOR FABRICATING PDMS CHIP

  Dynabeads® M-270 Carboxylic Acid, Invitrogen) is used. A 150μl of beads are washed with water and resuspended with solution of 500μl water and 500μl of surfactant solution of Triton X45 (0.1%) and SDS (0.01 M) with 1:1 ratio. Around 150μl drop of beads suspension is placed between the bottom part of the chip and the glass slide and the bottom PDMS part is dragged away with a speed of 30μm/sec on a custom motorized translation stage (manufactured by Laurent Malaquin) where the glass slide is placed on a fixed position.

FIGURE 2 -

 2 FIGURE 2-2-9 A) SCHEME OF CUSTOM TRANSLATION STAGE FOR CAPILLARY ASSEMBLY, B) CAPILLARY ASSEMBLY OF BEADS FOR BOTTOM PART OF CHIP, IMAGE A WAS MODIFIED FROM REF 94, IMAGE B COURTESY OF KARLA PEREZ-TOROLLA.

2 .

 2 It has already been shown that EMT features are frequently observed in CTCs and there are differential populations ranging from epithelial, both epithelial and mesenchymal and mesenchymal type 3,4,5,6

models 20 . 21 . 24 .

 202124 However enriched populations of CSC sometimes differ depending on selected biomarker where very low frequency of CSC populations shares the same selected biomarker. Several reasons are suggested for this observation: different methods of enrichment, existence of several clones, and existence of various phenotypes of CSC and heterogeneity of subtypes of cancer. Therefore this field requires identifying more reliable and specific biomarkers, even to classify subtypes of cancer. Validated biomarkers would develop more efficient therapeutics targeting CSC population to eradicate them, besides it can also help to reveal more specific oncogenic pathways involved in tumor progression by CSCs. Number of evidences has led the classical CSC model to evolve into a more dynamic model. According to this new model, there are three main behaviors of CSCs populations. First, it has been found that tumors may contain several genetic CSC clones. The composition of the subclones might change over time after a chemo-or targeted therapy and only a single or a few dominant clones might takeover causing tumor growth or relapse by gaining some additional mutations. The subclones of CSC might be derived from initial CSC clone or more differentiated progeny gaining CSC features back. Second, a sub-clone might outcompete other related subclones at the late stage of tumor progression and this leads to flattening of hierarchical differentiation structure as result of selection of most aggressive clone and loss of differentiated progeny. Third, epithelial CSC can change their phenotypes as a result of EMT. Indeed CSC and EMT phenotype has been linked; either CSC has shown to express EMT inducing transcript factors, or cells undergoing EMT having CSC activities. This might imply that CSC phenotype in early stage tumor and one of the advanced stage tumor in the blood circulation might be highly different and this would prevent the projected CSC population in CTC being captured by common epithelial markers such as EpCAM. Again, due to phenotypic plasticity some of CSC biomarkers might be more relevant to only some stages of tumor progression 20 .Having summarized the emerging facts of CSC, there has not been still identification of which cells generate metastasis, termed as metastasis-initiating cells (MIC) and this gives another perspective to dynamic CSC model. It has been suggested that MICs are found in CSC subpopulations due to the fact that epithelial CSCs have the ability to initiate tumors and they can migrate by their EMT-like features. Besides, MIC is suggested to be derived and disseminated from rather advanced-stage tumor than early stage primary tumor having additional driver mutations compared to CSCs clones in primary tumors (Figure3-1-1). As cells must travel through blood circulation for generation of metastasis at distant organs, MICs must be found among CTCs or in cells disseminated into bone marrow (DTCs).Nonetheless, lack of identifying biomarker of MIC population in CTC and the phenotypic changes that could downregulate epithelial features hamper their enrichment by the common CTCs isolation methods relying on EpCAM20 .A recent study has demonstrated the first evidence of the existence of functional MIC subpopulations in CTC enriched from metastatic breast cancer patient Their approach was to use mouse xenograft to show that CTC populations contain MICs. Around 1000 CTC injecting into mouse medullary cavity generated metastasis in 6 patients and their metastatic sites matched with the primary tumor hormonal status of the patients. In those patients, CD44+CD47+MET+ CTC population containing MIC was identified and could be detected with various frequencies. CD44 is one of the breast cancer stem cell marker 22 and bone homing receptor. CD47 has been related to help cancer cells evading from immune cells 23 and mRNA CD47 expression in bone marrow was found to be associated with breast cancer recurrence. MET is suggested to have role cancer progression as late-stage even that enhance the malignancy They observed that all CD47+MET+ CTC were only expressed on CD44+ CTCs. Moreover, this subset of CTCs was correlated better with patients overall survival than that of bulk CTCs. Thus, this study underlines the importance of studying subpopulations of CTCs, especially identifying MIC containing CTCs. The markers selected in this study however may not be universal to all types of cancer so a spectrum of cancer types should be tested with more patients for a better prognostic value evaluation. Moreover, except the markers used in this study, there still might be other populations of CTCs having MICs.

FIGURE 3 -

 3 FIGURE 3-1-1 SCHEME OF METASTATIS-INITIATION-CELLS (MICS) MODEL, IMAGE COPIED FROM REF 20, THE EVOLVING CONCEPT OF CANCER AND METASTASIS STEM CELLS

(

  HMLEs) increased stem cell markers having capability to form mammospheres and this showed similarities to stem-like cell population obtained from HMLEs. Meanwhile stem celllike population enriched from mouse or human mammary glands or mammary carcinomas expressed EMT markers. Similarities have also been observed in CTCs such that EMT and cancer stem cell markers are expressed together; for example, frequent expression of ALDH1 and EMT markers was observed in CTCs of metastatic breast cancer5 . Another study has shown the presence of EMT and stemness markers in CTCs with early breast cancer at the time of diagnosis. However, more studies are needed to relate these populations to a specific clinical outcome31 . For example presence of CTCs with coexpressing CK (epithelial) and CD133 (stemness) markers was correlated in patients with Dukes' Stage B and C colorectal cancer with worse overall survival and disease free survival than that of patients with Dukes' stage A 32 . Thus more prognostic relevance studies with CTC stemness and EMT is warranted for different types of cancer and subtypes with various defined markers to determine their clinical validity.
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 3 FIGURE 3-3-1 SCHEME OF FLUIDIC OPERATION FOR DOUBLE ANTIBODY DESING OF EPHESIA

FIGURE 3 -

 3 FIGURE 3-3-2 SCHEME OF FLUIDIC OPERATION FOR INJECTING BEADS AND CELLS AND CELL RETRIEVEL, CHIP NAMED AS D3.

FIGURE 3 - 3 - 3 FINAL

 333 FIGURE 3-3-3 FINAL DESIGN, SCHEME OF FLUIDIC OPERATION FOR INJECTING BEADS AND CELLS AND CELL RETRIEVEL, CHIP NAMED AS D4

  magnetic beads from Dynabeads® was conjugated with CD44 antibody (G44-26 clone, recognizing all variant forms of CD44, BD Biosciences, ref: 555476) and tested for formation and stability of the magnetic beads. First streptavidin (2.8μm, Ref: 11205D) and carboxylic acid (4.5μm, Ref: 14305d) functionalized beads were used. Streptavidin beads conjugation is simply performed by incubating the beads with biotinylated CD44 antibody,

- 3 - 5 ,

 35 shows the results of conjugation with streptavidin beads with 5μg/100μl beads (in PBS/BSA-0.01%), in which maximum binding capacity of the beads is 10 μg antibody/100μl beads. So it is probably necessary to reduce the antibody quantity to avoid aggregation which might eventually compromise the cell capture efficiency. Different attempts of conjugation optimization have not prevented these aggregation issues both with streptavidin and carboxylic acid beads.

FIGURE 3 - 3 - 5

 335 FIGURE 3-3-5 MAGNETIC COLUMN FORMATION WITH STREPTAVIDIN BEADS UPON APPLIED MAGNETIC FIELD, ARROWS SHOWS THE AGGREGATED, NON-UNIFORM MAGNETICCOLUMNS.

FIGURE 3 -

 3 FIGURE 3-3-6 MAGNETIC COLUMN FORMATION WITH SHEEP ANTI-MOUSE IGG BEADS UPON APPLIED MAGNETIC FIELD AND CELL CAPTURE BY CD44 CONJUGATED BEADS. BLUE: CELL NUCLEUS, GREEN: CD44-STAINING.

FIGURE 3 -

 3 FIGURE 3-4-1 EXPRESSIONS OF EPCAM AND CD44 BY FLOW CYTOMETRY, BLUE PEAK IS FLUORESCENCE OF IGG CONTROL CELLS, ORANGE PEAK IS FOR ANTIBODY STAINED CELLS.

FIGURE 3 -

 3 FIGURE 3-4-2 COMPARISON OF CAPTURE EFFICIENCY FOR MDA-MB231 CELL LINE USING EPHESIA WITH SINGLE ANTIBODY, SPIKING INTO PBS SOLUTION, ERROR BARS ARE STANDARD DEVIATIONS.

  have tested the capture profile on the double anybody system with all cell lines spiked into PBS with either 100 cells or 1000 cells. The samples were subjected to first EpCAM and then CD44 antibody capture (Figure3-4-3).
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 343 FIGURE 3-4-3 CAPTURE PROFILE OF CELL LINES HAVING VARIOUS EXPRESSION OF EPCAM AND CD44 PERFORMED WITH D4-EPHESIA, ERROR BARS ARE STANDARD DEVIATION.

FIGURE 3 -

 3 FIGURE 3-4-4 CAPTURE PROFILE OF CELL LINES WITH REVERSE MODE WITH FIRST APPLIED TO CD44 AND THEN EPCAM BASED CAPTURE PERFORMED WITH D4-EPHESIA, ERROR BARS ARE STANDARD DEVIATION.

FIGURE 3 - 4 - 5 5 CONCLUSIONS

 3455 FIGURE 3-4-5 COMPARISON OF CAPTURE PROFILE BETWEEN DIRECT MODE AND REVERSE MODE FOR MDA-MB231 AND SKBR-3 CELL LINES
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 411 FIGURE 4-1-1 SCHEME OF DIFFERENT PATHWAYS REGULATED BY HER FAMILY, IMAGE COPIED FROM REF 11.

FIGURE 4 -

 4 FIGURE 4-1-2 ASSOCIATION OF HER2:HER3 HETERODIMER WITH POOR PATIENT OUTCOME ON PRIMARY OPERABLE INVASIVE BREAST CARCINOMA CASES, COPIED FROM REF 21

FIGURE 4 -

 4 FIGURE 4-1-3 STRUCTURE OF HER1 (EGFR) AND HER2 PROTEINS AND AVAILABLE TARGETED THERAPEUTICS, MONOCLONAL ANTIBODIES AND TYROSINE KINASE INHIBITORS, IMAGE COPIED FROM REF 22, TARGETING THE ERBB FAMILY IN CANCER: COUPLES THERAPY

FIGURE 4 -

 4 FIGURE 4-1-4 KAPLAN-MEIER ESTIMATION OF OVERALL SURVIVAL, PATIENTS RECEIVING PERTUZUMAB, TRASTUZUMAB AND DOCETAXEL HAD 15.7 MONTHS LONGER OVERALL SURVIVAL COMPARED TO RECEIVING ONLY TRASTUZUMAB AND DOCETAXEL (CONTROL GROUP). IMAGE COPIED FROM REF. 41, PERTUZUMAB, TRASTUZUMAB, AND DOCETAXEL IN HER2-POSITIVE METASTATIC BREAST CANCER

(FIGURE 4 - 1 - 5 C

 415 ). This result in formation of single stranded DNA (rolling circle product, RCP) which is repeated complements of circular DNA attached to the one of the PLA probe. One hour RCA can amplify 1000-fold of 100 kb of RCP as bundle of DNA strand having a less than 1 μm of diameter. The resulting RCP can be finally detected by fluorescent probes attached to the complementary oligonucleotide of the circular DNA strand (FIGURE 4-1-5 D). So a single fluorescent spot corresponds to one single event: for example Figure 4-1-5 shows protein interaction detection. PLA protocol consists in fixing and permeabilizing of cells, incubating with appropriate antibodies, ligation and RCA step at 37°C and finally detecting the signals with at least 20X magnification of objective.

FIGURE 4 -

 4 FIGURE 4-1-5 PRINCIPLE OF PROXIMITY LIGATION ASSAY, FIGURE ADAPTED FROM REF 43, CHARACTERIZING PROTEINS AND THEIR INTERACTIONS IN CELLS AND TISSUES USING THE IN SITU PROXIMITY LIGATION ASSAY

  (individual, endogenous, interacting protein pairs, post translational modifications (PTM)).A first example of proximity ligation assay has shown the detection of the homodimer of the platelet-derived growth factor B-chain (PDGF-BB) by a DNA aptamer with affinity for PDGF-BB. Then proximity probe pair is extended by additional sequence elements at either the 5′ or the 3′42 . It was achieved to detect zeptomole (40×10 -21 mol) amounts of PDGF without washes or separations. Termed as homogenous proximity assay, it has been carried out by first preincubating the proximity probes with the samples and then adding all reagents required for both ligation and amplification of signal. Here the amplification of signal done by PCR through the replication of the ligated DNA strands being only linear strands instead of circular DNA and final signal is detected by a fluorometric PCR instrument.

FIGURE 4 -

 4 FIGURE 4-1-6 DIFFERENT APPROACHES FOR PLA PROBES WITH ANTIBODIES, IMAGE IS ADAPTED FROM DUOLINK®, SIGMA-ALDRICH CO. LLC

FIGURE 4 -

 4 FIGURE 4-1-7 INCREASING THE SPECIFICITY OF PLA A) DETECTION OF HETERODIMERS CLOSE TO THE THIRD PROTEIN, IMAGE COPIED FROM REF 44, B) DETECTION OF EXTRACELLULAR VESICLES FROM PLASMA SAMPLE, IMAGE COPIED FROM REF 52.
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 2 INTEGRATION OF PROXIMITY LIGATION ASSAY INTO EPHESIA DEVICE FOR THE DETECTION OF HER2:HER3 INTERACTIONS 4.2.1 TECHNOLOGICAL DEVELOPMENT OF THE DEVICE

4. 2 . 2

 22 CELL LINE MODELS FOR STUDYING HER2:HER3 INTERACTIONS For the investigation of HER2 and HER3 protein interactions, three model cell lines have been chosen initially, two negative/low, MCF7 and MDA-MB231, and one positive, SKBR-3, regarding HER2 expression. All three lines express HER3 at a low level. They are all epithelial breast cancer cell lines with a mammary gland, breast tissue type, derived from pleural effusion at metastatic site. All the cell lines were provided from ATCC and checked for absence of mycoplasma regularly. Their level of HER2 and HER3 expressions was confirmed with both immunofluorescence and flow cytometry for better quantification. The details of the protocol are explained in Annex II. Considering the expression level of HER2 HER3, see FIGURE 4-2-1 and FIGURE 4-2-2 , it is expected to obtain low levels of HER2:HER3 signals in MCF7 and MDA-MB231 and high levels of signals in SKBR-3 cell line as HER3 expression levels are comparable and HER2 expression level is the limiting factor for the level of dimerization in our cell line models. .
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 421 FIGURE 4-2-1 EXPRESSION LEVELS OF HER2 AND HER3 ON MCF7, MDA-MB231 AND SKBR-3 CELL LINES, SCALE BAR 20μM, IMAGES TAKEN WITH 40X OBJECTIVE,MAGENTA:HER2, GREEN: HER3 BLUE: NUCLEUS STAINING.

FIGURE 4 -

 4 FIGURE 4-2-2 ANALYZING EXPRESSION LEVELS OF HER2 AND HER3 WITH DOUBLE STAINING WITH FLOW CYTOMETRY

  As compared to other image analyzing methods, like ImageJ or Matlab, it is not required to write its own script each time and create specific programs. Considering our application, what it can do briefly is: illumination correction for each image set, identify each nucleus, identify cytoplasm for nucleus, then identify PLA signals and relate all PLA signals to the corresponding nucleus, finally all results can be transferred to excel sheet.

FIGURE 4 -

 4 FIGURE 4-2-3 CELLPROFILER SFOTWARE FOR IMAGE ANALYSIS, PIPELINE USED IN PLA SIGNAL QUANTIFICATION.

FIGURE 4 -

 4 FIGURE 4-2-4 SIGNAL QUANTIFICATION OF PLA SIGNAL WITH CELLPROFILER

FIGURE 4 -

 4 FIGURE 4-2-5 BRIEF DESCRIPTION OF IN SITU PLA PROTOCOL, DUOLINK®

FIGURE 4 -

 4 FIGURE 4-2-6 EFFECT OF PRIMARY ANTIBODY CONCENTRATION ON GLASS SLIDE WITH SKBR-3 CELLS, IMAGES TREATED AND TAKEN BY 60X, SCALE BAR 20μM (EXP C3)

FIGURE 4 -

 4 FIGURE 4-2-7 EFFECT OF PERMEABILIZATION TIME FOR PLA SIGNAL, 100 TH DILUTION FOR HER2 AND HER3 PRIMARY AB, 60X OBJECTIVE, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION (EXP C2)

FIGURE 4 -

 4 FIGURE 4-2-8 NEGATIVE CONTROL EXPERIMENTS FOR PLA PROTOCOL WITH SKBR-3 CELL LINE, IMAGES TAKEN WITH 40 X (EXP C10, C11)

FIGURE 4 -

 4 FIGURE 4-2-9 NEGATIVE CONTROL EXPERIMENTS BY OMITING PRIMARY ANTIBODIES FOR POSITIVE AND NEGATIVE CELL LINES (EXP C9), IMAGES TAKEN WITH 40X OBJECTIVE, IMAGES FOR SKBR3 CELL LINES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION.

FIGURE 4 -

 4 FIGURE 4-2-10 EFFECT OF HER2 ANTIBODY CONCENTRATION ON NON-SPECIFIC SIGNAL FOR SKBR-3 (POSITIVE) CELL LINE (C13), 20 X, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION.

FIGURE 4

 4 FIGURE 4-2-11 EFFECT OF HER2 ANTIBODY CONCENTRATION ON NON-SPECIFIC SIGNAL FOR MCF-7 (NEGATIVE) CELL LINE (C13), 20 X, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION

FIGURE 4 -

 4 FIGURE 4-2-12 EFFECT OF HER3 ANTIBODY CONCENTRATION ON NON-SPECIFIC SIGNAL FOR SKBR-3 (POSITIVE) CELL LINE (C14), 40 X, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION

FIGURE 4 -

 4 FIGURE 4-2-14 THE SIGNAL QUALITY WITH 1000 DILUTION FOR HER2 AND HER3 ANTIBODIES, 40 X, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION

FIGURE 4 - 2 -

 42 FIGURE 4-2-15 CONFIRMATION OF NON-SPECIFIC SIGNAL WITH 1000 TIMES DILUTION OF MOUSE HER3 ANTIBODY (C15-16), 40 X, IMAGES WERE TREATED AND SIGNALS WERE ENHANCED WITH BRIGHTNESS AND CONTRAST FOR VISUALIZATION

FIGURE 4 - 2 -

 42 FIGURE 4-2-17 PLA SIGNAL QUANTIFICATION OF POSITIVE CELL LINE FOR POSITIVE AND NEGATIVE CONTROL AT A DIFFERENT DILUTION FACTOR OF 1° ANTIBODIES.

  Effect of dilution of 1°ab on the non-specific and positivecontrol PLA signal in Positive Cell Line SKBR-3

FIGURE 4 - 2 -FIGURE 4 - 2 -

 4242 FIGURE 4-2-18 PLA SIGNAL QUANTIFICATION FOR NEGATIVE CONTROL IN POSITIVE CELL LINE AND POSITIVE CONTROL IN NEGATIVE CELL LINE

FIGURE 4 - 2 -

 42 FIGURE 4-2-19 COMPARISON OF NON-SPECIFIC SIGNAL AND POSITIVE SIGNAL IN CELL LINE MODELS; THE LIST OF EXPERIMENTS AND RESULTS USED IS DETAILED IN ANNEX II, ERROR BARS IS THE VALUE OF STANDARD DEVIATION

Average

  Nuber of PLA signals per cell Quantification of Non-Specific Signal in positive cell line in comparison to positive signal in negative cell lines for all conditions at 1000th

FIGURE 4 - 2 -

 42 FIGURE 4-2-21 CONFIRMATION OF ABSENCE OF NON-SPECIFIC PLA SIGNALS IN POSITIVE CELL LINE, ERROR BAR IS THE VALUE OF STANDARD DEVIATION, N IS THE NUMBER OF EXPERIMENT FOR EACH CONDITION, NOTE THE DIFFERENCY IN SCALE BAR ON AXES

FIGURE 4 - 2 -

 42 FIGURE 4-2-23 DIFFERENT WASHING STEP CONDITIONS OF PLA PROTOCOL IN CHIP WITH POSITIVE CELL LINE A) AND B)POSITIVE CONTROL, C)NEGATIVE CONTROL WITHOUT BOTH PRIMARY ANTIBODY, D) TRANSMISSION IMAGE OF C, DASHED LINES SHOWS POSITION OF MAGNETIC BEADS. RED: PLA, BLUE: NUCLEUS. IMAGES ARE NOT TREATED

FIGURE 4 - 2 -

 42 FIGURE 4-2-24 INCREASING WASHING TIME AND ADDING DNA BLOCKING SOLUTION, DASHED LINES SHOWS THE POSITION OF MAGNETIC BEADS, ARROWS SHOS THE BACKGROUND SIGNALS ON BEADS RED: PLA, BLUE: NUCLEUS. IMAGES ARE NOT TREATED, SIGNAL WERE ENHANCED BY BRIGHTNESS AND CONTRAST FOR VISUALIZATION.

FIGURE 4 - 2 -

 42 FIGURE 4-2-25 COMBINATIONS OF IMMNUFLUORESCENCE AND PLA PROTOCOL IN EPHESIA CHIP, IMAGES ARE NOT TREATED, SIGNALS WERE ENHANCED BY BRIGHTNESS AND CONTRAST FOR VISUALIZATION, A, B: COMPOSITE PICTURES; C, D: PLA SIGNAL WITH CY3 FILTER

FIGURE 4 - 2 -

 42 FIGURE 4-2-28 EFFECT OF PROLONGING THE BLOCKING STEP IN CHIP WITH POSITIVE AND NEGATIVE CELL LINES, N IS THE NUMBER OF CELLS QUANTIFIED FOR EACH EXPERIMENT, ERROR BARS ARE THE VALUE OF STANDARD DEVIATION

FIGURE 4 - 2 -

 42 FIGURE 4-2-29 VALIDATION OF OPTIMIZED PROTOCOL IN EPHESIA CHIP WITH CELL LINES, N IS THE NUMBER OF CELLS QUANTIFIED FOR EACH EXPERIMENT; ERROR BARS ARE THE VALUE OF STANDARD DEVIATION

FIGURE 4 - 2 -

 42 FIGURE 4-2-30 OVERALL EVALUATION OF THRESHOLD BETWEEN NEGATIVE AND POSITIVE CELL LINE, N IS THE NUMBER OF CELLS QUANTIFIED FOR EACH EXPERIMENT, ERROR BARS ARE THE VALUE OF STANDARD DEVIATION.

FIGURE 4 - 2 - 3 -

 423 FIGURE 4-2-31 DISTRIBUTION OF PLA SIGNAL IN POSITIVE AND NEGATIVE CELL LINE

FIGURE 4 -FABRICATION OF COC EPHESIA 1 -

 41 FIGURE 4-II-1 SCHEME OF NOA SUBSTRATE FABRICATION

2 . 4 except

 24 the composition of the bead solution. The solution composition had been previously optimized by Karla Perez-Toralla. A 150μl of 2.8μm of beads with carboxylic acid groups (Dynabeads® M-270 Carboxylic Acid, Invitrogen) is washed with 1ml of distilled water. The beads are then resuspended in 1 ml of distilled water containing 10 μl of Triton X45 (0.1%) and SDS (0.01 M) with 1:1 ratio. Assembly is done after COC sheets are washed with isopropanol to remove any dust with a speed of 30μm/sec on a custom motorized motor.

  Chip with the Bottom Part by Solvent Bonding COC cheap is finally sealed with the magnetic bead assembled part by solvent bonding with 15% Hexadecane/Isopropanol (v/v) solution. The upper part of the chip is simply wetted with the solution with the help of lintless paper by tapping. Then immediately, the bottom part and the upper part are aligned to superimpose the chambers on the anchorage points. The assembly is directly put in the hot press to avoid the evaporation of the solvent. Finally a PDMS replica is placed on top of the upper part in which the two holes are made on patterns of the chambers. This is to avoid collapsing of the chambers and to better stick the COC sheet. Below summary Seeding of Cells on Glass Slides If necessary the remaining cells are also seeded on an 8-well glass slide (Millicell EZSLIDE 8-well glass, sterile, Merck Millipore). The pellet of cells after centrifugation is diluted by 2000 times with PBS and 30-50 μl of cell suspension is seeded in each well and later 400 μl media is added. After at least 3h cultivation, the cells are fixed with 4% PFA for 20 min and then dehydrated with 70, 90, 100% ethanol solution. After drying the slides, they are either stored in -20°C maximum for 3 weeks or then stored in -80°C for a longer period if needed. Immunostaining protocol for HER2 and HER3 Cells are permeabilized with 0.1% Triton for 15 min. HER2 (clone 29D8, rabbit IgG monoclonal antibody, Cell Signaling, ref: 2165) was incubated in chambers 1, 2, 3 and HER3 ( clone 2F12, mouse IgG2a monoclonal, Milipore, ref: 05-390) in chambers 5, 6, and 7 for 30 min at RT with 200th time dilution. Before, HER2 was conjugated with goat-anti-mouse-alexa488-Igg2a (ThermoFisher, ref: A-21131) and HER3 with chicken-anti-rabbit-alexa647-Igg (ThermoFisher, ref: A-21443) for 30 min at dilution factor of 300th time with PBS-BSA 1% at room temperature (RT). Each incubation step was followed by washing with PBS-BSA1%. Finally the slide was dried and applied with mounting media.



  anti-Mouse IgG2a Secondary Antibody, Alexa Fluor® 488 (A-21131, ThermoFisher) 100 100 mono Expand the cell with a T75 flask at 90% of confluency  Disassociate the cell with Trypsin  Resuspend the pellet in 3mL of PBS-BSA 1% (keep them on ice to preserve cell integrity)  Prepare a dilution from previous solution at 1/10 (in 200μL) to count with the Scepter (Millipore), usually 3-15.10^6 cells. Centrifuge the cells for 4 min at 1000rpm and aspirate the supernatant  Fix them with PFA 4% in 1000μL for 15 min and wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min. Permeabilize with PBS-BSA 1%-Triton 0.1% for 15 min  Wash them three times with 1000μL of PBS-BSA 1% at 1500rpm for 3 min. Distribute the cells to tubes having 10^6 cells in 400 μl PBS-BSA 1%  Primary antibodies are incubated at 100 times dilution for 30 min in 400 μL on ice.

FIGURE 4 -

 4 FIGURE 4-II-2 RESULTS OF DOUBLE STAINING FLOW CYTOMETRY FOR CELL LINE MODELS, FIRST RAW: HER2 AND HER3 STAINING, SECOND RAW: CONTROL ISOTYPE.

FIGURE 4 -

 4 FIGURE 4-II-4 BACKGROUND SIGNALS LEVEL COMPARISON WITH MOUSE AND GOAT ANTIBODY, DASHED LINES SHOWS THE POSITION OF MAGNETIC BEADS, RED: PLA, BLUE: NUCLEUS. IMAGES ARE NOT TREATED, SIGNALS WERE ENHANCED BY BRIGHTNESS AND CONTRAST FOR VISUALIZATION, A, B: COMPOSITE PICTURES; C, D: PLA SIGNAL WITH CY3 FILTER

(

  MICs). Profiling of these subpopulations of CTC is important to establish a deeper clinical outcome analysis. However with most of the current techniques, including our previous version of Ephesia device, the potential to differentiate subpopulations of CTCs is limited: most devices use only EpCAM antibodies, which probably causes to lose CTCs undergoing EMT. Other techniques 1, 2,3 use a cocktail of antibodies, but in a bulk protocol which does not separate/differentiate subpopulations, unless a further isolation/characterization method is applied. Therefore, in the first part of my thesis, we addressed these limitations of CTC capture devices, and we aimed at a new generation of Ephesia device that can separate subpopulations simultaneously using two different surface biomarkers to target specifically metastasis initiating cells (MICs) and EpCAM positive cell population. Therefore, a new configuration of Ephesia chip was designed, capable of separating CTC populations using two antibodies grafted onto two types of bead arrays, prepared in different chambers, while keeping the previous diamond-shape fluidic channels architecture. Moreover, a new microfluidic loading design has been established for controlling fluidics.

FIGURE 5 - 1 FUTHER

 51 FIGURE 5-1 FUTHER DEPLETION OF WHITE BLOOD CELLS IN EPHESIA BY TARGETING FIRST WHITE BLOOD CELLS WITH CD19 AND THEN EPCAM ANTIBODY
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2 1 PARAMETERS OF PHOTOLITHOGRAPHY FOR MASTER MOLD FABRICATION SU-

8 Type Part of the device Time at 65°C Time at 95°C UV Exposure time Spin coating

  

						parameters
	2002	Sublayer	2 min	3 min	6 second	30 second at 3000
	2005	Bottom Part	2 min	3 min	8 second	30 second at 3000
	2050	Upper part	6 min	8 min	20 second	30 second at 2500

After the development, the wafers are coated with silane (Tridecafluoro-1,1,2,2tetrahydrooctyl)trichlorosilane, ab111444; ABCR GmbH & Co. KG) for 30 min in order to avoid the sticking of PDMS.

Table 2

 2 

-2-2 below. The antibodies are labeled with Zenon® Alexa Fluor® kit with different colors.
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	2 2 STAINING PROTOCOLS FOR CYTOKERATIN, CD45 AND NUCLEUS
	Staining	Amount of reagents used	Incubation time	Labeling fluorophore	Labeling protocol
	Nucleus	1μl in 1 ml of PBS/BSA1%	20 min	Hoechst 33342 ready-to use for DAPI filter
	Anti-Cytokeratin	5μl of labeled antibody is mixed with to 150μl of PBS/BSA%1 containing 0,1 % Triton 100X	20-30 min	Alexa-555/ Cy3 Filter	5μl of antibody is incubated with 15 μl of labeling reagent and then 15μl of blocking reagent for ~7 min each
					5μl of antibody is incubated
	Anti-CD-45	5μl of labeled antibody is mixed with to 150μl of PBS/BSA%1	20-30 min	Alexa-488/ FITC filter	with 15 μl of labeling reagent and then 15μl of blocking reagent ~7 min
					each
	IMAGING THE CELLS			

The Ephesia system is set up on Nikon TI-E inverted microscope with a motorized x/y stage, an automated z-focus and a Photometrics CoolSNAP HQ2 camera. Throughout the whole experiment, the chip is observed by 4x or 10X objectives.

The images can be captured automatically with custom made interface software developed previously by a former

  of low expression/lack of these markers on the capture efficiency of EpCAM based methods especially comparing with CellSearch system.

	C. Pecot 12	et al have used a cocktail of antibodies against epithelial cancer cells (EpCAM,
	HER2, MUC1, epidermal growth factor receptor, folate-binding protein receptor, TROP-2)
	and mesenchymal or stem cells (c-MET, N-cadherin, CD318, and mesenchymal stem cell
	antigen) to capture wide range of CTCs with a microfluidic channel consisting of 9000
	randomly placed posts with variable diameter. They have been able to show that their
	method was more sensitive than CellSearch® for advanced stage colorectal, prostate, and
	lung cancers with CK+/CD45-/DAPI+ staining based CTC counting. Other study has
	shown that epithelial marker based (EpCAM, MUC1) enrichment fails to detect CTCs
	undergoing EMT 13 . They have used both EpCAM dependent and independent based
	enrichment methods with subsequent qualitative and quantitative PCR detection, in which
	EpCAM low	cells had lower detection limit. Beside, by screening a set of epithelial and
	mesenchymal gene expressions, a change of gene expressions was observed after only 5
	hour injecting EpCAM	
					13	.
	Therefore it is warranted that wider range of CTCs isolation/detection markers are identified
	including EMT markers, however keeping in mind that there is a need conducting studies
	relating the clinical significance of identified subpopulations of CTCs. A recent study has
	shown that EpCAM -	CK	+	DAPI+ cells (detected by filtration after discarded from CellSearch
	cartridge) did not show any significant relation with overall survival and they suggested to
	confirm these results in a larger cohort of patient with a wider molecular characterization 18	.
	7,8 Moreover another study has reported that a population of CTCs captured by filtration
	and cytokeratin 9 method could be identified based on distinct cytokeratin staining patterns and nuclear could be missed by isolation/detection methods utilizing EpCAM as positive
	selection marker		

10

. Moreover except subjected to EMT, there are some subset of breast cancer type intrinsically expressing low EpCAM 11 . So there has been an effort investigating the effect high cells into mice. In particular the authors observed an upregulation of EMT-associated genes (e.g. Twist, EGFR) and slight downregulation of epithelial markers (e.g. CK19) suggesting that EMT occurs in CTCs during the formation of metastasis. Another study suggesting that EpCAM based methods may have limited sensitivity for CTC detection was performed by comparing CellSearch and filtration based method. They showed that CTCs enumerated were higher for metastatic prostate and lung cancer whereas lower for metastatic breast cancer in which data might support EMT-related loss of CTC counting 14 . Thus, these studies and others 15,16,17 evidenced the dynamic changes in CTCs phenotype being deleterious for capture efficiency based on EpCAM expression, and this may be the reason why a very low number of CTC is observed in late stage metastatic patients morphologies which shows a high correlation in terms of clinical relevance with CTCs population captured by CellSearch 19 . So this way, subset of CTCs captured by filtration could be clinically related to CTCs captured by CellSearch.

  published by I. Bacelli and A. Trumpp.Classical cancer stem model states that the tumor is generated by populations of cancer stem cells having highly tumorigenic capabilities and their more differentiated progenies with

non/poorly tumorigenic activities. CSCs are defined by several common traits in which some are common to normal stem cell properties. The fact that CSCs can self-renew generating a new stem cell and a non-CSC progeny has been demonstrated in several cancer types such as breast, brain, colon and pancreatic cancer. Despite the lack of proper mouse model to study stem cells, there are strong evidences that CSCs are involved in progression of many cancer types, also indicating their ability to self-renew unlimited times.

  . But Cell Surface Vimentin (CSV) may overcome this limitation as it is reported to be very specific and sensitive marker to detect mesenchymal CTCs 56 .Satelli A. et al. already reported to use this marker to capture CTCs from metastatic breast cancer patients using bulk immunomagnetic approach, in which CSV antibody based capture method showed more significant differentiating capability in terms of patient response compared to CellSearch System47 . Another study has identified CSV+CD133-mesenchymal stem cell population in hepatocellular carcinoma with aggressive behavior which can be a target for therapy57 . Yet, CSV antibody requires validation for more types of cancer and can be used to in combination with EpCAM antibody.

Another study has also addressed the limitation of CTCs capture based on EpCAM, and they have used OB-Cadherin antibody to capture mesenchymal CTCs instead of using anti-EpCAM ferrofluid with CellSearch System

58 

. OB-Cadherin is a hemophilic cell adhesion molecule and has been detected in breast, gastric and prostate cancers. It has been observed that androgen depletion results in upregulation of OB-cadherin leading to metastasis spread into bone, the authors have thus presumed that this protein would be present in metastatic castration-resistant prostate cancers. Besides, they used B-catenin to detect mesenchymal cells instead of cytokeratin which has a role in cadherin-mediated cell adhesion and activating genes linked to EMT/invasion, proliferation and survival in multiple cancers. So it was presumed that B-catenin would be observed in cancer cells no matter whether cells are epithelial or mesenchymal type. This study suggests that detection of

  . Proliferative state of CTCs was found to slightly differ in early and metastatic breast cancer patients (51.7%, 44%). And as result of adjuvant chemotherapy, it was possible to observe a great reduction in proliferating CTCs population from 63.9% to 30.% among the patients with CTCs detected65 . Moreover this study had included apoptotic marker in which they observed higher level of apoptotic CTCs in early breast cancer than those of metastatic breast cancer. Remarkably, 3 of 4 patients with early disease had relapses and showed Ki67+ CTCs before any systemic adjuvant therapy therefore, Ki67 on CTCs might be also associated with poor prognosis. Thus, more studies are necessary to validate the use of apoptotic and proliferative markers on CTCs. Another study has 1+ population presents the highest proliferative capability66 . So this shows that there is different level of dormancy within CTC populations with various properties which could show different metastatic capabilities in different organ sites. It has also been showed that combination of CK and Ki67 present are present in the EpCAM negative 3D CTC tumorspheres implying that intermediate plasticity of cells is required to generate metastasis.There are, off course, several other markers for characterization/detection of CTCs with stemness/mesenchymal features which are briefly summarized in review published by G.Barriere61 . However I have decided to concentrate my work on these biomarkers which are commonly studied in CTCs related to EMT/stemness population. In the field of CTCs, there are still so many unknowns and I presumed that by this new design of Ephesia, we could bring some more clarification on the fuzzy concepts of stemness and EMT by comparing CTCs phenotypic features of epithelial and EMT/stemness, for example specificity of vimentin for mesenchymal state is still debate and specificity of Plastin 3 for other cancers has not been showed yet.Different studies have reported that significant information regarding biology of metastatic process can be extracted from characterization of CTCs subpopulations especially with EMT/stemness properties. Moreover, relying on distinct CTCs subpopulation profile, patients could be better diagnosed and critical treatment decision could be better defined by clinicians. However, most of the CTCs isolation methods still rely on EpCAM expression which is downregulated at the late stage of disease progression. So, new methods targeting subpopulations are required. We propose to overcome this limitation by improving our Ephesia chip so that it integrates two separate capture zones with different target antibody.

underlined the different nature of CTCs and circulating tumor microemboli (CTM) which gives novel perspective to biology of tumor dissemination. They have investigated the apoptotic and proliferative status of both CTCs and CTM in small-cell lung cancer.

Interestingly, CTM showed neither Ki67 nor apoptotic markers whereas solitary CTCs were positive for Ki67. This implies that CTM are protected from anoikis ** and resistant to cytotoxic drugs. Moreover, presence of CTM was associated with worse prognosis. Last but not least, another study focuses on the EpCAM negative CTCs population enriched according to status of CD44+CD24-. Depending on combinatorial expressions of uPAR and int β 1 (dormancy related markers), in vitro 3D formation of tumorspheres ,initiated by CTCs of breast cancer patients, showed distinct behaviors in proliferative, invasion and adhesive properties : uPAR-/int β 1 -population had delayed formation of tumorspheres when compared to other combinations with positive state, especially uPAR+/int β ** Anoikis: programmed cell death related to lack of appropriate cell interaction with extra cellular matrix
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	4-1 CELL LINES FOR INVESTIGATION OF DIFFERENT EPCAM AND CD44 EXPRESSION
	PROFILE ON THE NEW DESIGN TARGETING DOUBLE SUBPOPULATION
	Cell Lines	EpCAM Level	CD44 Level	Phenotype
	Hs578T	low	high	Mesenchymal-like, Basal B 67
	MDA-MB231	low/moderate	high	Mesenchymal-like, basal B 67
	SKBR-3	high	low	Epithelial , luminal B 68

TABLE 3 -

 3 I-1 CELL LINES USED IN THE VALIDATION OF NEW EPHESIA DESIGN

	Cell Lines	Medium	Passage ratio
	Hs578T	DMEM	1/3
	MDA-MB231	DMEM	1/5
	SKBR-3	McCoy's 5A (Modified) Medium	1/2
	CELL LABELING FOR FLOW CYTOMETRY

The experiments were done in cytometry: cell sorting and analysis platform in Institut Curie with BD LSR II Flow cytometry instrument with FITC and APC filter. The different control tubes and the details of the primary and secondary are shown in the table below.

TABLE 3
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	-I-2 ANTIBODIES, CONTROL ISTOYPES AND CONJUGATION PAIRS USED IN FLOW
	CYTOMETRY				
	ANTIBODY	LABELING KIT FOR 1° ANTIBODY	CONTROL ISOTYPE	LABELING KIT FOR CONTROL ANTIBODY	DILUTION FACTOR
	EpCAM (DAKO M080429)	Zenon Alexa 488 Igg1	IGG1 MOUSE (LIFE TECH MG100)	Zenon Alexa 488 Igg1	~1/100
	CD44 (BD Pharma)	Zenon Alexa 647 Igg2b	IGG2B MOUSE (LIFE TECH MG2B00)	Zenon Alexa 647 Igg2b	~1/100
	 Expand the cell with a T75 flask at 90% of confluency	
	 Disassociate the cells with Trypsin			
	 Resuspend the pellet in 3mL of PBS-BSA 1% (keep them on ice to preserve
	cell integrity)				
	 Prepare a dilution from previous solution at 1/10 (in 200μL) to count with the
	Scepter (Millipore), usually 3-15.10^6 cells.		

TABLE 3

 3 

	-I-3 CONTROL SAMPLES TO ANALYASE THE DOUBLE STAINING OF HER2 AND
	HER3 WITH FLOW CYTOMETRY					
	CELL LINES	1	2	3	4	5	6	7
	/TUBES							
	HS578T MDAMB231 SKBR-3	NEGATIVE	ANTI-CD-44 STAINED	ANTI-EPCAM STAINED	ANTI CD44+ EPCAM STAINED	IGG1 MOUSE STAINED	IGG2B MOUSE STAINED	IGG1 MOUSE + IGG2B MOUSE

TABLE 4

 4 
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below. The detailed protocol for making NOA master and hot embossing with the other tested parameters is detailed in ANNEX II.
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	2-1 OPTIMIZED HOT EMBOSSING PARAMETERS FOR COC EPHESIA	
	MICROFABRICATION			
	COC (8007 S4)	Temperature (°C) (upper /bottom plate)	Pressure (Bar)	Time (min)
	Upper part with NOA master	25/125	7	15
	Upper part with Nickel master	25/125	7	20
	Sealing upper part with bottom part	25/75	5	10

TABLE 4 -
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	2-2 TEMPERATURE CALIBRATION OF COC EPHESIA	
	T in the center measured by	T in the center measured by the	Time (min)
	external thermocouple	module	
		No magnetic coil heating	
	23,7	23,86	0
	34,7	33,8	1
	38,1	36,8	2,5
	38	37	3
	T in the side measured by	T in the center measured by the	
	external thermocouple	module	
		No magnetic coil heating	
	23,9	24,18	0
	34,5	40	2,5
	34,5	40	10
	T		

in the side measured by external thermocouple T in the center measured by the module With magnetic coil heating 33,5

  

		37	0
	34,9	37	5
	35,8	37	10
	36,1	37	30
	36,1	37	44

TABLE 4 -

 4 2-3 IMAGE ACQUISITION PARAMETERS USED IN METAMORPH.

		40X Objective-glass slide	60X Objective-chip	Zstack
	DAPI (Nucleus)	20 msec (1/2 intensity )	50msec (1/2 intensity )	1µm *
	Cy3 (PLA)	300msec (1/8 intensity)	600 msec (1/2 intensity )	0,3µm

Note*: Images are taken with Zstack if the cells are not at the same focus level in chip experiments, for glass slide experiments it is not needed.

TABLE 4 -

 4 Following determination of the image treatment parameters, CellProfiler pipeline was developed to detect cell nuclei and PLA signals with the modules shown in Table4-2-5.

	2-4 IMAGE TREATMENT PARAMETERS FOR GLASS SLIDE AND MICROCHIP
	EXPERIMENTS				
	1)Smooth	2)Subtract Background (Rolling Ball Radius/ Pixel)	3)Gamma (Value)	4) Maximum intensity projection
	40X (Cy3)		5 (SKBR-3) / 4(MDA-MB-231)	1,5	
	60X (Cy3)		10	1,75	
	60X (DAPI)		60	-	

TABLE 4 -

 4 2-5 CELLPROFILER PIPILINE USED FOR PLA SIGNAL QUANTIFICATION

	Modules	40x Objective	60x Objective
	DAPI illumination	Subtract / Block size-300	Subtract / Block size-300
	correction		
	Cy3 illumination	Subtract / Block size-300	Subtract / Block size-300
	correction		
	DAPI Measure Image		
	intensity		
	DAPI Calculate Math	add/ median intensity(multiply 1) to/ StdIntensity(multiply1,5)	add/ median intensity(multiply 1) to/ StdIntensity(multiply1,5)
	DAPI Apply Threshold	set pixel intensities below threshold to zero	set pixel intensities below threshold to zero
	DAPI Morph	erode-disk-15 / dilate-disk-22,5 / erode-disk-7,5	erode-disk-20 / dilate-disk-30 / erode-disk-10
	DAPI Identify	adaptive-Otsu / 50-110 pixel	adaptive-Otsu / 50-180 pixel
	Primary Object		
	DAPI Identify	Distance-N / 40 pixel	Distance-N / 60 pixel
	Secondary Object		
	Mask Image		
	Cy3 Enhance Suppress	Enhance/ Speckles /5pixel	Enhance/ Speckles / 7 pixel
	Features		
	Cy3 Identify Primary	Per object/ Robust Background/	Per object/ Robust Background/
	Objects	2-10 pixel	3-15 pixel
	Relate Objects		
	Export to Spreadsheet		

TABLE 4
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	-2-6	CONDITIONS	FOR	INVESTIGATING	THE	EFFECT	OF	HER2	ANTIBODY
	CONCENTRATION WITH DIFFERENT PLA PROBES (EXP C13)			
	Conditions	α-HER2	α-HER3 Dilution	Probe α-HER2 /	Probe α-HER3 /
			Dilution Factor	Factor		MINUS		PLUS
	a		100 / Rabbit	100 / GOAT	+/α-Rabbit		+/α-Goat
	b		100 / Rabbit	100 / MOUSE	+/α-Rabbit		+/α-Mouse
	c		1000/ Rabbit	100 / GOAT	+/α-Rabbit		+/α-Goat
	d		1000/ Rabbit	100 / MOUSE	+/α-Rabbit		+/α-Mouse
	e		100 / Rabbit	-	+/α-Rabbit		+/α-Mouse
	f		1000/Rabbit	-	+/α-Rabbit		+/α-Mouse

TABLE 4 -
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	2-7 CONDITIONS (EXP C14) FOR OBSERVING EFFECT OF HER3 ANTIBODY
	CONCENTRATION WITH DIFFERENT PLA PROBES		
	Conditions	α-HER2 Dilution Factor	α-HER3 Dilution Factor	Probe α-HER2 / MINUS	Probe α-HER3 / PLUS
	a	100 / Rabbit	100 / GOAT	+/α-Rabbit	+/α-Goat
	b	100 / Rabbit	100 / MOUSE	+/α-Rabbit	+/α-Mouse
	c	100 / Rabbit	1000 / GOAT	+/α-Rabbit	+/α-Goat
	d	100/ Rabbit	1000 / MOUSE	+/α-Rabbit	+/α-Mouse
	e	-	100 / GOAT	+/α-Rabbit	+/α-Goat
	f	-	100 / MOUSE	+/α-Rabbit	+/α-Mouse
	g	-	1000 / GOAT	+/α-Rabbit	+/α-Goat
	h	-	1000 / MOUSE	+/α-Rabbit	+/α-Mouse
	When similar experiment was performed for HER3 antibody, diluting the antibodies also did
	not change the signal levels for non-specific signals for either cell lines(FIGURE 4-2-12
	E,F,G,H and FIGURE			

TABLE 4 -

 4 2-8 CONDTIONS TESTED FOR EFFECT OF 1° ANTIBODY CONCENTRATION ON NON-SPECIFIC SIGNAL (COLOR CODE APPLIES FOR FIGURE 16, 17, AND 18), THE RESULTS OF ALL CONDITIONS IS LISTED IN ANNEX II.

		Positive Control / HER2+ HER3+			Negative Control / HER2+ HER3-
		Dilution Factor				Dilution Factor	
	100	1000	5000	10000	100	1000	5000	10000
		Positive Cell Line / SKBR3			Positive Cell Line / SKBR3	
		Negative Cell Line / MCF7			Negative Cell Line / MCF7	

FIGURE 4-2-16 PLA SIGNAL QUANTIFICATION FOR HER2+HER3+ CONDITION FOR POSITIVE AND NEGATIVE CELL LINES AT DIFFERENT DILUTIONS OF 1° ANTIBODY

TABLE 4 -

 4 2-9 PLA SIGNAL QUANTIFICATION FOR INVESTIGATION OF PLA PROBE SPECIFICITY WITH POSITIVE AND NEGATIVE CONTROL CONDITIONS (BOTH 1° ANTIBODY IS DILUTED AT 1000 TH TIMES), N IS THE NUMBER OF CELL COUNTED.

TABLE 4

 4 Unfortunately these results did not show any improvement when using high volume of washing solution (Table4-2-10). It was obtained comparable signal quantities for each case, 29 for low volume and 36 for high volume. In any case, it was decided to keep using high volume for washing step after the PLA probe incubation for next experiments.

	-2-10 COMPARISON FOR NON-SPECIFIC PLA SIGNAL WITH HIGH AND LOW VOLUME
	OF WASHING SOLUTION, SIGNALS WERE QUANTIFIED WITH CELL PROFILER WITH SAME
	PARAMETERS WITHIN THE SAME EXPERIMENTS, N IS THE NUMBER OF CELLS USED FOR
	COUNTING, P IS THE PASSAGE NUMBER.			
	Cell	Exp.	Her2+Her3+	Her2+Her3-	Her2-Her3+	Her2-Her3-
	SKBR3 (p14)	S9 (40µl)	78,7 (N=76)	29,5 (N=73)	-	-
	SKBR3 (p17)	S12 (70ml)	53,6 (N=52)	36,1 (N=54)	1,3 (N=54)	0,5 (N=64)

TABLE 4 -

 4 2-11 CONDITIONS USED IN EXPERIMENTS AND IN RECOMMENDED OLINK PROTOCOL

	EXP.	Blocking sol.	1°Ab Washing A	PLA probes	washing A	Ligation Washing A	RCA	Washing B
	Olink	30 min, 37 °C	-	2*5 min RT, 70 ml	60 min, 37 °C	2*5 min RT, 70 ml	30 min, 37 °C	2*2 min RT, 70 ml	100 min, 37 °C	70 ml 2*10 min RT
	S9	30 min, 37 °C	o.n. 4 °C	2*15 min RT 40 µl	60 min, 37 °C	2*15 min RT 40 µl	30 min, 37 °C	40 µl 2*10 min-RT	100 min, 37 °C	40 ml 2*10 min RT
	S12	30 min, 37 °C	o.n. 4 °C	2*15 min RT 40 µl	60 min, 37 °C	100 ml 15-10 min-RT	30 min, 37 °C	40 µl 2*10 min-RT	100 min, 37 °C	40 ml 2*10 min RT

ADDING EXTRA BLOCKING STEP BEFORE PLA PROBE INCUBATION

As a second option, it was thought that additional blocking step before incubating PLA probes could help to decrease the non-specific interactions of secondary antibodies. So a blocking step for 30 minutes was added to the protocol with the same blocking solution used for 1° ab provided by kit.

TABLE 4 -
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	2-12 COMPARISON FOR NON-SPECIFIC PLA SIGNAL WITH ADDITIONAL BLOCKING
	STEP (S15) OR NOT (S14), SIGNALS WERE QUANTIFIED WITH CELL PROFILER WITH SAME
	PARAMETERS FOR BOTH CONDITION; N IS THE NUMBER OF CELLS USED FOR COUNTING
	Cell	Exp.	Her2+Her3+	Her2+Her3-	Her2-Her3+	Her2-Her3-
	SKBR3 (p2)	S14	47,8 (N=53)	5,9 (N=59)	0,1 (N=80)	0,08(N=78)
	SKBR3 (p2)Blocking step	S15	64,2 (N=60)	9,7 (N=73)	0,2(N= 84)	0,1 (N=56)
	Standard Deviation		11,67	2,69	0,07	0,02

TABLE 4 -

 4 

		2-13 CONDITIONS OF DIRECT PLA PROTOCOL APPLIED			
	EXP.	Blocking sol.	1°Ab Washing A	PLA probes	washing A	Ligation Washing A	RCA	Washing B
	Olink	30 min, 37 °C	-	2*5 min RT, 70 ml	60 min, 37 °C	2*5 min RT, 70 ml	30 min, 37 °C	2*2 min RT, 70 ml	100 min, 37 °C	70 ml 2*10 min RT
	S27	30 min, 37 °C	o.n. 4 °C	2*15 min RT 50ml	-	-	30 min, 37 °C	2*10 min-RT 40 µl	100 min, 37 °C	50 ml 2*10 min RT
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 4  and TABLE 4-II-12 list the results for both negative and positive cell lines show that below 500 th dilution, no significant difference is achieved.

TABLE

  

PLA signals per Cell Average number of PLA signals per cell Conjugated Antibody Dilution Factor Positive and negative control for SKBR-3 Cell Line with different Dilution Factor

  

	120.00						
		77.13				4.60	
	100.00					4.10	
						3.60	
	80.00		39.08			3.10	
	0.00 20.00 40.00 60.00	0.24	0.43	9.48 0.46	4.54 0.15	-0.40 0.10 0.60 1.10 1.60 2.10 2.60	HER2+HER3-N=4 for Average number of HER2+HER3+ each value
		50th	100th	500th	1000th		
					4-II-13) which is probably due to
	experimental error giving very low signal. Otherwise, it is seen that the protocol is
	reproducible between the two experiments. However, to be statistically accurate, there
	should be more data collected to prove this aspect.		

FIGURE 4-2-22 DETERMINATION OF OPTIMAL ANTIBODY CONCENTRATION FOR DIRECT PLA PROTOCOL, ERROR BAR IS THE STANDARD DEVIATION; N IS THE NUMBER OF EXPERIMENT FOR EACH CONDITION, NOTE THE DIFFERENCY IN SCALE BAR ON AXES

PLA signals per nucleous Antibody Concentration Dilution Factor Determination of Optimal Antibody Concentration for PLA in Ephesia Chip

  4-2-26 A) and more homogenous size of signals in 100 min of amplification. Indeed it is established that at a certain RCA time, RCA reaction is amplifying DNA sequence linearly and after it reaches to a saturation point in which the incorporation of oligonucleotides into RCA products is at lower rate70 . Depending on the concentration of primer oligonucleotides and diffusion, at longer period of time, reaction

	130.00
	98.29 100th dil 54.45 Average Number of SKBR-3 22.63 18.71 17.56 -10.00 10.00 30.00 50.00 70.00 90.00 110.00 150th dil 200th dil MDA-MB231 N=135 N=135 N=147 N=161 Not N= 99 Applicable

would occur less homogenously giving different size of spots. In image B, many overlapping signals are observed, probably due to higher expression of target proteins in cells, depending on their cell cycle status. Later, concentrations of 1° antibodies were further decreased as parallel to glass slide experiments; this yielded more distinguishable signals (FIGURE 4-2-26 C).

FIGURE 4-2-26 SIGNAL QUALITY IMPROVEMENT BY OPTIMIZING RCA TIME AND ANTIBODY CONCENTRATION, ARROWS SHOWS BIG OR OVERLAPPED SIGNAL SPOTS. SIGNALS WERE OBTAINED WITH SAME EXPOSURE TIME AND IMAGES WERE TREATED WITH SAME WAY FOR EACH CONDITION FIGURE 4-2-27 DETERMINATION OF ANTIBODY CONCENTRATION IN CHIP WITH POSITIVE AND NEGATIVE CELL LINES, N IS THE NUMBER OF CELLS QUANTIFIED FOR EACH EXPERIMENT, ERROR BARS ARE THE VALUE OF STANDARD DEVIATION.
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 4 II-1 OPTIMIZATION PARAMETERS FOR HOT EMBOSSING FOR UPPER COC REPLICATION

			COC Ephesia Optimization
				With NOA Master
	Trial	Temp (°C)	Pressure (Bar)	Time	Results / Comment
		(upper /bottom		(min)	
		plate)			
	1	25/120	7 (1.79 kN)	5	
	2	25/120	7	7	not good replication
	3	25/120	7	10	some bubbles trapped in the exit channel
	4	25/120	7	13	some bubbles trapped in the exit channel
	5	25/125	7	15	good replication with less bubbles trapped
				With Nickel Master
	Trial	Temp (°C)	Pressure (Bar)	Time	Results / Comment
				(min)	
	1	25/120	7 (1.79 kN)	5	not complete embossing
	2	25/120	7	7	not complete embossing
	3	25/120	7	10	good replication /demolding problem
	4*	25/125	7	10	good replication /some bubbles trapped
	5*	25/125	7	15	good replication/some bubbles trapped
	6*	25/125	7	20	no bubble trapped

* The

plate is heated starting from 80 to 125 degrees and after the embossing, the plate is removed after it is cooled down until around 80 degree

  

TABLE 4 -

 4 II-4 ANTIBODIES, CONTROL ISTOYPES AND CONJUGATION PAIRS USED IN FLOW CYTOMETRY

	Antibody	Control Isotype	Secondary labeling antibody	Dilution factor 1°	Dilution factor 2°	Clonality
	anti-HER2	Rabbit IgG (02-	anti-Rabbit IgG (H+L) Secondary			
	(2165, Cell	6102,	Antibody, Alexa Fluor® 647			
	Signaling)	ThermoFisher )	(Thermo Fisher, A21443)			

TABLE 4 -

 4 II-5 CONTROL SAMPLES TO ANALYASE THE DOUBLE STAINING OF HER2 AND HER3 WITH FLOW CYTOMETRY

	Cell Lines	1	2	3	4	5	6	7
	/Tubes							
	MCF7 MDA-MB231 SKBR-3	Negative	Anti-HER2 staining	Anti-HER3 staining	Anti HER2+ HER3 staining	IgG rabbit	IgG2a mouse	IgG rabbit + IgG2a mouse

TABLE 4 -

 4 II-6 THE ANTIBODIES AND PLA PROBES USED IN THE EXPERIMENTS OF THIS

	SECTION					
	1° antibody	supplier	reference	clone	host species	Isotype
	anti-HER2	Cell Signaling	2165	29D8	rabbit	IgG
	anti-HER3	Milipore	05-390	2F12	mouse IgG2aκ	IgG2aκ
	anti-HER3	Abcam	ab85731	polyclonal	goat	IgG
	PLA Probes	supplier	reference	clone	species	Isotype
	anti-rabbit MINUS	Sigma Aldrich	DUO92005	-	donkey	IgG
	anti-mouse PLUS	Sigma Aldrich	DUO92001	-	donkey	IgG
	anti-goat PLUS	Sigma Aldrich	DUO92003	-	donkey	IgG

TABLE 4 -

 4 II-8 PLA SIGNAL RESULTS FOR NEGATIVE CELL LINE WITH DIFFERENT DILUTION FACTOR, N IS THE NUMBER OF CELL COUNTED FOR QUANTIFICATION.

	Positive Control / HER2+ HER3+
	Dilution Factor

TABLE 4 -

 4 II-9 COMPARISON OF NON-SPECIFIC SIGNAL AND POSITIVE SIGNAL IN CELL LINE MODELS (FIGURE 4-2-19)

			Positive cell line	Negative Cell line	
	Cell Line	exp HER2+HER3+ HER2+HER3-	HER2+HER3+	exp	Cell line
	SKBR-3 (p21)	c15	45,52	23,21	1,20	c15 MDA-MB-231 (p13)
	SKBR-3 (p25)	c16	24,41	21,83	4,03	c16 MDA-MB-231 (p15)
	SKBR-3 (p14)	S9	78,697	29,507		
	SKBR-3 (p17)	s12	53,62	36,11		
	SKBR-3 (p2)	s14	47,81	5,90		
					4,00	s16 MDA-MB-231 (p2)
	SKBR-3 (p2)	s16	58,56	14,64	3,11	s16 MCF7 (p17)
					1,92	s17 MCF7 (p17)
	SKBR-3 (p4)	s18	57,37	18,54	8,33	s18 MCF7 (p21)
	SKBR-3 (p4)	s19	40,86	8,42		
	SKBR-3 (p4)	s20	20,41	3,93	5,27	s21 MCF7 (p21)
	SKBR-3 (p4)	s22	51,17	12,38	6,06	s23 MCF7 (p21)
	PROTOCOLS AND RESULTS FOR DIRECT PLA WITH PRIMARY CONJUGATES FOR
				HER2:HER3 DETECTION	

TABLE 4 -

 4 II-10 THE LIST OF ANTIBODIES USED IN CONJUGATION PROTOCOLS, REF 49

	Antibody	Supplier	reference	clone	Host species	Probe Oligo (ProbeMaker)
	HER-2/c-erbB-2	Thermo Scientific™ MS325PABX e2-4001	Mouse	PLUS
	HER-3/c-erbB-3	Thermo Scientific™ MS201PABX	2F12	Mouse	MINUS

.

Finally, it could be possible to combine the capture by dual antibody chambers and PLA, which would provide further information about CTC heterogeneity and subpopulations at the level of protein interactions. Interestingly too, previous work has demonstrated that the Ephesia capture system was compatible with downstream genetic analysis. As droplet digital PCR methods are evolving, it could be very advantageous to integrate CTC capture with Ephesia and further genomic analysis by droplet microfluidics at the single CTC level.

76. wikipedia. Neoadjuvant_therapy. at <https://en.wikipedia.org/wiki/Neoadjuvant_therapy> 77. what is an aptamer? Research, Base Pair Biotechnologies: Aptamer Discovery and Research at <Research, Base Pair Biotechnologies: Aptamer Discovery and> 78. Wikipedia. Horseradish peroxidase. at <https://en.wikipedia.org/wiki/Horseradish_peroxidase>

ANNEX I CONJUGATION OF ANTIBODY WITH STREPTAVIDIN BEADS

 Resuspend the vial and wash the desired amount of beads with 1 ml of PBS/BSA-0.01% three times by placing the tube into magnetic holder and removing the supernatant.

 Resuspend the beads with initial volume of PBS/BSA-0.01%  Incubate the beads with biotinylated CD44 antibody in PBS for 30 mins. at room temperature  Wash the conjugated beads with PBS/BSA-1%  Resuspend the beads at a desired concentration.  Quickly mix the solution of EDC and sulfo-NHS and mix it with the particles.

CONJUGATION OF ANTIBODY WITH CARBOXYLIC ACID BEADS

 Incubate the beads for 10 min on rotating wheel (activation of particles)  Wash the beads with 1 ml of MES buffer and remove the supernatant.

 Add 25μg of antibodies with particles in 1 ml of MES buffer.

 Incubate overnight at 4°C with rotating wheel.

 Wash particles four times with 1 ml of MES buffer, one time with solution of 0.1 M MES in 1 M NaCl solution and then three times with 0.1 MES buffer.

CONJUGATION OF ANTIBODY WITH SHEEP ANTI-MOUSE IGG

 Resuspend the vial and wash 25μl of beads with PBS-BSA-1% using magnetic holder.

 Add 1.5μg of antibody and incubate for at least 30 min at 4 °C on rotating wheel.

 Wash the particles with 2 ml of PBS/BSA-1% three-four times using magnetic holder.

 Remove supernatant and resuspend the beads in 1 ml of PBS/BSA-1%.

 Use desired amount of beads.

COMPARISON OF ANTI-GOAT AND ANTI-MOUSE PLA PROBE FOR SIGNAL SPECIFICITY

As primary antibody dilution could not reduce non-specific signal to acceptable level, other conditions were tried in order to better understand the source of these non-specific signals. Two sets of experiments were performed with negative and positive cell lines to confirm accurately whether PLA probes binds non-specifically on primary antibodies, tests were run using anti-goat or anti-mouse PLA probes. The positive and all possible negative controls were tested in which primary antibodies are omitted. For positive controls and negative controls, two conditions were performed with either anti-rabbit & anti-mouse PLA probe pairs( which corresponds to 1°antibody pair ,FIGURE 4-2-20 A) or anti-rabbit & antigoat (which mismatch with 1 °antibody pair . In this case, for mismatch conditions (anti-goat secondary antibody), there should be very low or no signal if secondary PLA antibodies are specific enough. Surprisingly, even when the mismatched PLA probe was present, both HER2+HER3+ and HER2+HER3-conditions gave highly positive signals, comparable to matched antibody-PLA probe pair conditions (Table 4-2-9).

As a general conclusion of the series of experiments described above, there is clearly a problem with the specificity of the PLA probes, even though still the molecular origin of this problem is still unknown. The most probable interpretation would be a residual crossreactivity between the primary antibodies present on the cells, regardless of the host species used to produce the antibodies.

INTEGRATION OF PLA PROTOCOL INTO MICROFLUIDIC CHIP

In this section, combination of CTCs capture with PLA protocol will be investigated. Various steps of the protocol such as the order of CTC staining steps, time of washing and incubation steps and concentrations of antibodies need to be optimized to obtain high quality PLA signals for proper quantification, and find optimal thresholding conditions. Below, the conditions after optimization of each step have been specified and details of the optimizations in chip will be elaborated in this section. 

CHOICE OF COLOR FOR RCA PRODUCTS AND OPTIMIZATION OF MOUNTING MEDIA

CONCENTRATION

Two different colors of RCA products, green and orange were also tried to assess the auto-fluorescence of beads with either FITC or Cy3 filter, and check whether it could cause problems for signal quantification. Magnetic beads give higher background signal with Cy3 than with FITC. When image treatment is applied, however, both wavelengths yielded comparable results. Other aspect of signal quality is photobleaching by light exposure. To prevent this, mounting medium is applied but as mentioned before, due to its viscosity its injection into the chip which could deform or destroy the magnetic columns. Therefore the solution is diluted in water. Different dilutions were tried, 10%, 20%, 40%, 50%, none created problem for stability of columns. However, the green label was found to be more sensitive to photobleaching; especially with 20% dilution. Thus, finally, 50% dilution of mounting media and orange labels for PLA signal were chosen to have maximum light protection.

PRELIMINARY ANTIBODY CONCENTRATION OPTIMIZATION IN CHIP WITH DIRECT PLA

After some optimizations in chip and glass slide experiments, it was necessary to find the optimum antibody concentration on chip, using our new set of conjugated antibodies using direct PLA protocol adapted.

Earlier it was shown that series dilution of antibodies were tested for both positive and negative cell lines with glass slide experiments, and 200 th dilution was found to be the optimum condition. However in chip experiments there might be some differences as compared to glass slide, due to e.g. different materials used, surface to volume ratio, temperature and how the cells are captured and positioned.

Therefore optimal conditions for chip experiments were further sought by performing the PLA protocol with series dilutions of conjugated antibodies, In chip experiments, it is seen that as concentration is decreased, the difference between the positive and negative cell line diminishes. Moreover, higher signals are observed with the same concentration of antibody as compared to glass slide experiments. This difference is most probably due to the difference in primary incubation step, which is 4°C overnight in glass slide and 1h, 37°C in chip experiment: this could be due to an increase in non-specific binding due to higher temperatures and this comparison will be further tested on glass slides to verify it. This difference could be also due to different passage of cells used in the experiments. Unfortunately, during the course of my Ph.D. time, no patients sample could be processed to validate the system for detecting HER2:HER3 interactions with PLA, using the fully optimized protocol. A clinical trial has been set for this, and will be performed in direct continuation of my PhD, involving both HER2+ and HER2-patient sample.

APPLICATION OF PLA ON CLINICAL SAMPLES

I could process four patient samples had been processed (two blood, pleural effusion and fine needle aspiration), but in non-fully optimized protocol, some yielded with inconclusive results either due to bad quality of samples or ambiguity of identification of detected cells.

Yet, PLA was performed successfully on one pleural effusion sample in which cancer cells (green) and leukocytes (yellow) are easily distinguishable(FIGURE 4-2-32). Here PLA signals seemed to be at a low level, comparable with that of leukocytes, suggesting that patient may not have HER2+ status. Even though, this experiment was performed with conditions without optimizations, it clearly demonstrates preliminary proof of concept to detect protein interactions on CTCs using Ephesia microfluidic technology applied to patient's samples.

ANNEX II TROUBLESHOOTING TO AVOID AIR BUBBLES

Along optimizing PLA protocol, there was a serious problem in chip circumventing the whole experiment: formation of bubbles during heating steps. These bubbles were formed many times in the middle of capture zone destroying the magnetic columns, which would make difficult for imaging since the cells were covered by magnetic beads. Besides, for further steps, it risks to have homogenous reagents solution in all capture areas since it changes the resistance in the chip. This was solved by degassing each solution for at least 10-15 min before injecting to the chip, including the washing solutions.

MICROSCOPE STAGE MODIFICATION FOR HIGH RESOLUTION IMAGING

A final critical aspect is to be able to make high resolution imaging for PLA quantification and it is suggested that at least 20X should be used for imaging, or 40X and 60X

preferentially. Higher magnifications can be cumbersome, expensive and time consuming. For our system, first 20X objective was used to image PLA signal without removing ITO glass slide since higher magnification would take long time for imaging. However the constraint for imaging with objective higher than 10X was the special microscope stage made for placing magnetic coil. It was designed to have the chip at a defined height to experience the magnetic field homogenously throughout the chip for sustaining the magnetic columns and this height was not enough to reach to the focal plan where the cells are captured in the chip. Also ITO glass slide and a plastic inserted under for insulating makes the chip further away from the focal plane. Obviously by simply decreasing this height, imaging was achieved with 20X while the ITO glass slide is inserted without compromising the stability of magnetic columns. Later it was tested that actually 20X is not enough to accurately quantify PLA signal, which will explained in the section imaging and signal quantification.

For our system, it is was better to use 60X objective (CFI Plan Apo VC 60XW, NIKON) with a 1.2 numerical aperture and working distance of 0.31 -0.28 since the bottom of the chip is thin enough (245μm) only when ITO glass slide is removed. So before the imaging, the microscope stage is placed on a platform where below is still accessible. By lifting the chip without completely removing out of the magnetic coil, ITO glass slide can be removed under the stage. Lastly for imaging the whole area, the holder area should be extended since the objective touches to the holder and the edge of capture zones can no longer be imaged, this is also overcome by cutting those parts.

different conditions of hot embossing is detailed for the optimization of sealing step, 

Her2+Her3+ 50th 100th 500th 1000th

MDAMB231-p16 / S27-2 39,5(N=118) 14,7(N=138) 0,01(N=148) 0,04(N=93)

MDAMB231-p16 / S27-2 0,1(N=86) 0,008(N=113) 0,008(N=124) 0,05(N=83)

MDA-MB231-p4 / S30-1 0,02(N=138) 0,008(N=116) 0,048(N=124) 0,008(N=125) MDAMB231-p4 / S31-3 0,1(N=99) 0,1(N=94) 0,3(N=137) 0,2(N=186) A robust and sensitive detection of protein-protein interactions can be performed with proximity ligation assay (PLA). This method is based on dual recognition of proteins by antibodies in which DNA strands attached to antibodies can form templates and be amplified only if they are in close proximity. Each amplified DNA template is then detected by fluorescent tags, one PLA spot corresponding to one protein-protein interaction. This method has already been used to demonstrate the prognostic value of HER2:HER3 dimerization in breast cancer patients, but so far only on biopsy tissues samples. We expect that the determination of HER2:HER3 levels on CTCs would provide prognostic information in the course of treatment, especially by evaluating the efficacy of drugs comparing dimer levels before and after/during the treatment. Therefore we aimed at integrating the PLA method into our Ephesia device to detect HER2:HER3 dimerization on CTCs. For this, however, some technological modifications had to be made on the device, and the PLA assay protocol had to be adapted for our microfluidic platform.

Firstly, Ephesia device had limitations regarding assays that require heating. The PLA protocol involves critical enzymatic reactions where the temperature has to be well controlled. Therefore a high precision temperature control system was integrated in the Ephesia device; an ITO glass slide is placed under the microchip in which the temperature is controlled by a given applied voltage. ITO is very advantageous for our system due to its transparency. Then, temperature can be controlled during the whole experimental level, heterogeneity of CTCs could be revealed from proteomic aspect. Another important point would be to observe how differently individual patients response to drugs on CTCs level as each patient have different immune responses. As next steps, we plan to pursue this project by validating the protocol on HER2-positive and negative patients' samples and additionally by investigating how these drugs would affect HER2:HER3 dimerization using cell lines.

To our knowledge, this is the first proof-of-principle applying PLA on CTCs to detect protein interactions, more particularly for HER2:HER3 dimerizations. So far several studies already reported quantifications of HER2:HER3 interactions and association with disease outcome. However, they have been only studied on tissue from tumor samples. To our knowledge, this is also the first integration of in situ PLA into microfluidics to detect protein interactions on fixed cells. Another microfluidic platform used homogenous PLA to quantify TNF-α protein from human plasma as a point-of-care device. This device involves a microchip made of cyclic olefin polymer integrated with a custom-made qPCR and a fluorescence detector 4 . This study uses solid phase magnetic bead-based PLA approach, in which one of PLA probe (biotinylated antibody conjugated with 3-end oligo) is immobilized onto streptavidin coated magnetic beads. Then the protein of interest and another PLA probe is incubated. This is followed by ligation and amplification by qPCR.

This device could detect TNF-α in a range of 5-200pg/ml, which is clinically relevant.

However, this assay was not directed to individual cell-based detection.

Importantly, our assay was developed, in order to be compatible with the detection of other markers simultaneously on the same cell, depending on the relevant biological question.

With the current developed assay, only four different fluorochromes are used for detecting signals (CK: green, CD45: yellow; nucleus: blue, PLA: red.) Two additional biomarkers could be added, since our microscope can detect with up to six filter sets. In this regard, it would be interesting to simultaneously detect other proteins that have a role in the AKT pathway. For example it has been reported that upon inhibition of HER2:HER3 dimerization, HER1:HER3 dimerization and activation of AKT signaling is promoted 5 . Another study recently reported that breast cancer patients harboring HER3 G284R mutation are likely to respond HER2 targeted therapies. This study has detected a reduction of expression levels for phospho-AKT and phospho-rpS6 proteins after dual HER2 treatment, and authors also suggested that the detection of phospho-HER3 protein could be useful for these patients.

As these studies suggested, other protein expression/activation changes involved in AKT signaling pathway could be simultaneously investigated during the treatment, especially an activated form of HER3 protein which is phosphorylated.