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Abstract 

Exosomes are extracellular vesicles produced in the endosomal compartment of 

all cell types, and are involved in cell to cell communication. Exosomes carry information 

between close or distant cells, contributing for the reprograming of recipient cells. These 

vesicles have been described to regulate the immune system, particularly in 

tumorigenesis, as well as modulate the tumor microenvironment and cancer cells 

metastasis to other organs. Tumor exosomes interact with various cells in the 

microenvironment that contribute to cancer invasion, induction of angiogenesis, survival 

in the bloodstream and formation of a metastatic favoured environment at secondary 

organs. Cancer exosomes prepare the organs of metastasis for the incoming cancer 

cells. The role of tumor exosomes has been extensively investigated. However, how 

exosomes secreted by the metastasis influence its establishment and growth is still 

largely unexplored. To address this question, we used orthotopic and genetically 

engineered mouse models (GEMMs) of pancreatic cancer. The KPC-ExoBow GEMM is 

a CD63 multireporter transgenic mouse model that develops pancreatic ductal 

adenocarcinoma and secretes color-coded pancreatic cancer exosomes. Cancer cells 

express one of the fusion proteins CD63-mCherry, -phiYFP, -eGFP or -mTFP wherein 

their exosomes express respectively the same color. Using this animal model, as well as 

the Mia PaCa-2 with tagged CD63-eGFP human orthotopic model, we attempted to map 

the communication established in vivo by exosomes derived from pancreatic cancer 

metastasis, the ExoMet, at the metastatic sites and to other organs. To access this, we 

collected the metastasis from the lung and liver of KPC-ExoBow mice and orthotopically 

injected the cells in the lung and liver, respectively, of syngeneic wild-type animals. The 

same is true for human PDAC Mia PaCa-2 CD63-eGFP cells orthotopically injected in 

immunodeficient animals (nude CBA mice). At euthanasia, we collected the metastatic 

organs. Most importantly, we have also analysed in vitro the influence of CD63 

overexpression and the CD63-tagged proteins resulting from distinct recombination 

events in the secretion of exosomes and communication in the KPC-ExoBow model. 

 

 

 

Key-words: tumor exosomes; color-coded exosomes; metastasis; pancreatic cancer; 

CD63 tetraspanin  
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Sumário 

Exossomas são vesículas extracelulares produzidas no compartimento 

endossomal de todas as células, envolvidos na comunicação intercelular. Os 

exossomas transportam informação entre células próximas ou distantes, o que permite 

a troca de informação que contribui para a reprogramação das células recipientes. Estas 

vesículas foram descritas como reguladoras do sistema imunitário, particularmente 

durante a tumorigénese, assim como moduladoras do microambiente tumoral e do 

processo de metastização. Exossomas produzidor por células tumorais interagem com 

várias células no seu microambiente que contribuem para os processos de invasão, 

indução da angiogénese, sobrevivência na corrente sanguínea e formação de um 

ambiente metastático favorável em órgãos secundários. Exossomas do tumor preparam 

os órgãos das metástases para a chegada das células cancerígenas. O papel dos 

exossomas tem sido extensivamente estudado. Contudo, como os exossomas 

libertados pelas metástases influenciam o estabelecimento e crescimento da metástase 

continua por explorar. Para abordar esta questão, foram utilizados modelos de 

murganho ortotópicos e geneticamente modificados do cancro do pâncreas. O KPC-

ExoBow é um modelo animal transgénico multireporter que desenvolve adenocarcinoma 

ductal em que as células cancerígenas libertam exossomas marcados 

fluorescentemente, isto é, com cor. As células do tumor expressam uma das seguintes 

proteínas de fusão, CD63-mCherry, -phiYFP, -eGFP ou -mTFP em que os seus 

exossomas expressam a mesma cor. Através deste modelo animal, assim como do 

modelo ortotópico das células humanas Mia PaCa-2 que expressam CD63-eGFP, é 

pretendido estabelecer as vias de comunicação mediadas pelos exossomas das 

metástases do cancro pancreático in vivo, a ExoMet, no microambiente da metástase 

como para outros órgãos. Com este intuito, foram recolhidas as metástases do pulmão 

e do fígado de animais KPC-ExoBow e de seguida foram injetadas ortotópicamente no 

pulmão e no fígado, respetivamente, em animais singénicos wild-type. O mesmo 

procedimento foi seguido para as células humanas Mia PaCa-2 CD63-eGFP injetadas 

ortotópicamente em animais imunodeficientes (nude CBA). Na eutanásia, os órgãos 

metastáticos foram recolhidos. Ainda, também foi analisada in vitro a influência da sobre 

expressão de CD63 e das proteínas CD63 marcadas com a proteína de fusão resultante 

de diferentes eventos de recombinação, na secreção dos exossomas e na comunicação. 

 

Palavras-chave: exossomas tumorais; exossomas com cor; metástases; cancro do 

pâncreas; tetraspanina CD63  
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1. Introduction 

 

1.1. Exosomes 

Communication is an integral part of the life of a cell. It is an essential process for 

cells to maintain their normal growth and function. Cells can communicate through 

different mechanism which may involve gradients of soluble factors or transport of 

molecular and genetic information encapsulated in vesicles (Camussi et al. 2010). Over 

the past decade, a growing number of studies suggest the transfer of extracellular 

vesicles (EVs) as a fundamental mechanism for intercellular communication (Graça 

Raposo and Stoorvogel 2013; El Andaloussi et al. 2013). EVs are composed by a lipid 

bilayer containing transmembrane and cytosolic proteins and nucleic acids (Colombo, 

Raposo, and Théry 2014). Although first classified as a way for cells to eliminate 

unnecessary compounds such as membrane debris or other unneeded structures 

(Johnstone et al. 1987), EVs are now recognized as key players of numerous 

physiological processes in pathological and nonpathological conditions (De Toro et al. 

2015). EVs have molecules at their surface which support their interaction and/or 

recognition by recipient cells. When EVs bind to the target cell they can be internalized 

by endocytosis, phagocytosis or fuse with the membrane where release their content to 

the cytosol, resulting in changes in the cellular physiology (Meldolesi 2018). The term 

EVs refer to a heterogenous group of secreted membrane vesicles divided in 

microvesicles (MVs) and exosomes (van Niel, D’Angelo, and Raposo 2018). 

Microvesicles are 150 nm to 1000 nm vesicles originated from the direct budding from 

the plasma membrane whereas exosomes are small vesicles ranging in size from 50 nm 

to 150 nm in diameter formed by inward budding of the endosomal membrane (Tricarico, 

Clancy, and D’Souza-Schorey 2017). The term exosomes should not be confused with 

the exosome complex involved in RNA degradation (Wasmuth, Januszyk, and Lima 

2014; Decker 2004).  

This thesis focuses on the role cancer exosomes have as important mediators of 

information exchange to support metastasis survival. In the last years, interesting 

findings demonstrate the involvement of exosomes in various cellular activities from the 

immune system modulation (Robbins and Morelli 2014) to the pathogenesis of several 

diseases such as cardiovascular diseases (Zhu and Fan 2011), neurodegenerative 

diseases (Ghidoni, Benussi, and Binetti 2008) and infectious diseases (Mahmoodzadeh 

Hosseini et al. 2013). Nevertheless, is in cancer that exosomes have been thoroughly 

studied. Exosomes are able to mediate the communication between cancer cells and 
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their microenvironment, contributing for tumor progression and metastasis (Brücher and 

Jamall 2014). 

 

1.1.1. Exosomes biogenesis 

Exosomes were first described in the 1980s, but only in the last decades their 

biological significance started to be addressed. The first breakthrough in the field 

happened when exosomes secreted by Epstein-Barr virus (EBV)-transformed B-

lymphocytes were shown to transport essential molecules for the adaptive immune 

response (G Raposo et al. 1996). Right after, it was demonstrated that dendritic cells 

secrete exosomes with MHC-peptide complexes, capable of inducing antitumor immune 

responses (Zitvogel et al. 1998). These findings were the first evidence that related 

exosomes with a possible role in intercellular communication. The second major advance 

happened when messenger RNAs (mRNAs) and microRNAs were found in exosomes, 

and transfer of genetic information between cells was demonstrated (Valadi et al. 2007). 

Exosomes biogenesis is associated with the endocytic pathway (Johnstone et al. 

1987) (Figure 1). When endocytosis starts, endocytic vesicles bud with the early 

endosome. Early endosomes differentiate into multivesicular bodies (MVBs) containing 

intraluminal vesicles (ILVs) in their lumen. ILVs are formed by the inward budding of 

clathrin-coated domains of the endosomal membrane during the maturation of the early 

endosome (Stoorvogel et al. 1991; Colombo, Raposo, and Théry 2014). When MVBs 

fuse with the plasma membrane, the internal vesicles containing lipids, proteins, DNA, 

mRNAs and microRNAs are released in the form of exosomes. Alternatively, these 

vesicles can fuse with lysosomes leading to their degradation. An important player during 

the formation of ILVs and endosomes maturation is the endosomal sorting complex 

required for transport (ESCRT) (Colombo et al. 2013). The ESCRT machinery is 

composed by four complexes of ESCRT (0 through III) that together with accessory 

proteins (ALIX, TSG101, VPS4, and VTA1) localize in the cytoplasm of the endosome, 

participate in the MVB formation, vesicle budding, protein cargo sorting and even in the 

release of exosomes into the endosomal lumen (Hurley and Hanson 2010). Another 

family of proteins that participate in exosomes biogenesis is the Rab family of small 

GTPase proteins (Blanc and Vidal 2018). Rab proteins are involved in different steps of 

the endocytic pathway, such as budding, endosomes mobility, docking and fusion with 

the plasma membrane and consequent exosomes secretion. Rab4 and Rab5 are 

proteins located in the early endosome, which control fast recycling and endosomal 

fusion, respectively (McCaffrey et al. 2001; Gorvel et al. 1991). Rab11 and Rab35 are 
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also associated with the early endosome stage but are involved in slow recycling and 

sorting, respectively (Stenmark 2009). On the other hand, Rab7 is involved in the late 

endocytic pathway regulating the secretion of ALIX- and syntenin-positive exosomes in 

cancer (Baietti et al., 2012). However, this protein was also shown to be involved in the 

movement of cargo from the MVBs to the lysosome (Vanlandingham and Ceresa 2009). 

Rab27a and Rab27b are involved in late endosomal and secretory pathway, and mediate 

the fusion and docking of MVBs to the plasma membrane and exosomes release 

(Ostrowski et al. 2010). Besides the set of proteins already mentioned, exosomes are 

also enriched in other proteins involved in membrane transport and fusion process, such 

as integrins, tetraspanins (CD9, CD63, CD81, CD82) and heat shock proteins (HSP70, 

HSP90) (Simons and Raposo 2009; Colombo, Raposo, and Théry 2014) (Figure 2). 

Tetraspanins are widely used as exosomal marker proteins (Kowal et al. 2016).  

 

Figure 1. Exosomes biogenesis. After invagination, the endocytic vesicles fuse with the early 

endosome. During maturation steps, early endosomes differentiate into multivesicular bodies/late 

endosomes. When the multivesicular body fuse with the plasma membrane, the exosomes 

containing functional proteins, RNA and DNA are released to the extracellular space. 
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Over the past years, exosomes have been isolated from almost all body fluids, 

including urine (Pisitkun, Shen, and Knepper 2004), saliva (Ogawa et al. 2011), 

cerebrospinal fluid (Vella et al. 2007), breast milk (Admyre et al. 2014), ascites (Andre et 

al. 2002), blood (Caby et al. 2005) and semen (Madison, Jones, and Okeoma 2015). 

Despite carrying microRNAs, exosomes have the capacity to process precursor 

microRNAs (pre-microRNAs) to mature microRNAs, allowing to rapidly reprogram the 

transcriptome of recipient cells by cancer cells (Melo et al. 2014). Ultimately, once 

released into the extracellular space exosomes are able to interact with neighbour cells 

or enter in circulation to reprogram distant cells. 

 

 

Figure 2. Overall composition of exosomes. Exosomes have a lipid bilayer membrane and are 

enriched in a subset of proteins from the endocytic system, plasma membrane and cytosol as 

well as cell-specific proteins. Exosomes also carry mRNAs, microRNAs, DNA and other 

noncoding RNAs. Taken from Colombo et al. (2014). 
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1.2. Cancer exosomes and the tumor microenvironment 

Originally described as a mechanism for cellular release of waste, exosomes are now 

perceived as important mediators of intercellular communication (Bastos et al. 2018). In 

cancer, intercellular communication is an essential event for tumor formation, 

progression and metastasis. Cancer exosomes behave as reprogramming messengers, 

enabling the communication between cancer cells with local or distant 

cells/tissues/organs, transporting cancer-related DNA, microRNAs, mRNAs and 

proteins. It has been demonstrated that cancer exosomes are essential in the different 

steps of cancer progression. From tumor microenvironment remodelling, angiogenesis, 

invasion, intravasation and extravasation, to colonization at distant organs and 

immunosurveillance escape, cancer exosomes seem to be functionally relevant in 

tumorigenesis (Silva and Melo 2017). Moreover, exosomes are present in various body 

fluids and may serve as liquid biopsy for cancer diagnosis (Corcoran et al. 2011; Skog 

et al. 2008; Nilsson et al. 2009). In fact, the concentration of exosomes is elevated in the 

serum of cancer patients, mostly because the exosomes are from the tumor, enhancing 

its potential utility to detect and monitor the disease (Melo et al. 2015; Taylor and Gercel-

Taylor 2008).  

Tumor-derived exosomes can transfer oncogenic proteins to their surrounding cells 

and alter the microenvironment. Indeed, exosomes from prostate cancer cells containing 

tumor growth factor β1 (TGF-β1) protein where shown to trigger the differentiation of 

fibroblasts to activated-fibroblasts or myofibroblasts (J. Webber et al. 2010). Activated 

fibroblasts secrete tumor growth factors and chemokines which contribute for tumor 

progression. Breast cancer exosomes can induce the alteration of adipose tissue-

derived mesenchymal stem cells into myofibroblasts via a SMAD2 activation (Cho et al. 

2012). SMAD pathway leads to the production of vascular endothelial growth factor 

(VEGF) and TGF-β supporting tumorigenesis. The tumor growth depends on the access 

to nutrients and oxygen, enabled by a highly vascularized microenvironment. 

Myofibroblasts can release angiogenic growth factors and remodel the extracellular 

matrix (ECM), supporting tumor angiogenesis (Vong and Kalluri 2011). Furthermore, 

cancer cells release exosomes containing epidermal growth factor receptor (EGFR) 

which interact with endothelial cells, activating the MAPK and Akt signalling pathways 

(Al-Nedawi et al. 2009). The transfer of EGFR is accompanied with VEGF expression in 

endothelial cells which support tumor angiogenesis. More recently, microRNA-9 

exosomes from melanoma cells were shown to activate JAK-STAT cascade, promoting 

endothelial cell migration and tumor angiogenesis (Zhuang et al. 2012). The role of 

exosomes in cell-to-cell communication in the tumor microenvironment has been highly 
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studied. Cancer cells produce exosomes with different molecular content prepared to 

interact with the local tumor environment and with distant organs targeted as future 

metastasis site. 

 

1.3. Exosomes throughout the metastatic cascade 

Metastasis is the leading cause of cancer-related death. The metastatic cascade is 

a multistep process where cancer cells first set free from the primary tumor, enter the 

bloodstream, survive and travel in circulation until they extravasate to the distant organ. 

In the host-organ, cancer cells can die, remain dormant or proliferate to form metastasis 

(Figure 3). Tumor-derived exosomes have been extensively described as key players in 

the metastatic process. 

 

1.3.1. Invasion 

One of the first steps in metastasis is tumor invasion. Cancer cells must 

overcome the ECM barrier to reach a vessel and intravasate. Tumor exosomes mediate 

the ECM remodelling through invadopodia formation (D. Hoshino et al. 2013). 

Invadopodia are subcellular structures mainly composed of actin which degrade ECM. 

Being rich in proteases, including matrix metalloproteinases (MMP) and cathepsins, 

tumor exosomes modulate the ECM by degradation of collagen, laminin and fibronectin, 

increasing cell proliferation and migration (Mu, Rana, and Zöller 2013). Moreover, 

cancer-associated fibroblasts (CAFs) and immune cells, also contribute for ECM 

remodelling and invasion (Orimo et al. 2005). CAFs influence the epithelial-

mesenchymal-transition (EMT) of cancer cells. Under EMT, epithelial cells undergo 

various biochemical changes to acquire mesenchymal characteristics, such as the 

expression of vimentin, α-smooth muscle actin (α-SMA), N-cadherin and the activation 

of the Snail, Zeb and Twist pathways (Lee et al. 2006; Micalizzi, Farabaugh, and Ford 

2010). The cellular phenotypic alteration enhanced cell motility, invasiveness and 

resistance to apoptosis (Kalluri and Neilson 2003). In fact, CAFs from breast cancer cells 

secrete exosomes which stimulate the activation of the Wnt pathway, increasing the 

migration capacity of breast cancer cells (Luga and Wrana 2013; Luga et al. 2012). 

Recent studies suggest a main role for tumor exosomes in the EMT pathway. 

Urothelial cells treated with exosomes isolated from invasive bladder cancer cells 

presented an increased expression of mesenchymal markers (e.g. Vimentin, Snail and 
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Twist) while the expression of epithelial markers decreased (e.g. E-cadherin and β-

catenin) (Franzen et al. 2015). Similarly observations were made with exosomes from 

lung cancer serum, which induced an EMT effect in human epithelial cells, enhancing 

cancer cell migration, invasion and proliferation (Rahman et al. 2016). 

 

Figure 3. Tumor exosomes mediate the metastatic process. Exosomes can play several roles 

in the formation of a metastatic niche at distant sites of future metastasis. Exosomes can transport 

different cargo that promotes tumor growth, invasion, intravasation into blood vessels, survival in 

circulation, extravasation and modulation of the metastatic site. Exosomes reprogram the host 

organ making it more prone to receive the metastatic cells. 
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Besides being able to modulate cancer cells phenotype, tumor exosomes 

influence stromal fibroblasts. Tumor exosomes carrying TGF-β at the surface triggered 

the expression of α-SMA in fibroblasts, leading to the differentiation into CAFs (J. Webber 

et al. 2010; Borges et al. 2013). Interestingly, soluble TGF-β1 alone was not able to drive 

fibroblasts into a cancer-associated phenotype and the elimination of cancer exosomes 

even in the presence of TGF-β1 abolished differentiation. Therefore, these results 

confirm that the differentiation of stromal fibroblasts is mediated through TGF-β1 positive 

exosomes (J. P. Webber et al. 2015). 

 

1.3.2. Angiogenesis 

Cancer cells require oxygen and nutrients to survive. Angiogenesis is the process 

by which the formation of new blood vessels establishes a constant supply of oxygen 

and nutrients necessary during tumor progression. Accumulating evidence shows the 

involvement of tumor exosomes in the tumor microenvironment vascularity, especially in 

hypoxic conditions. For example, the uptake of pancreatic cancer (PC) exosomes 

expressing Tetraspanin 8 (Tspan8) induced the regulation of several angiogenesis-

related genes in endothelial cells (Nazarenko et al. 2010). The cargo of exosomes can 

activate VEGFs which can cause endothelial cell proliferation, migration and maturation 

(Nazarenko et al. 2010). In melanoma cells, WNT5A (Wnt family member 5A) signalling 

induces the secretion of exosomes containing immunomodulatory and pro-angiogenic 

proteins including IL-6, VEGF and MMP2 through a CA2+-dependent pathway (Ekström 

et al. 2014). In many cancers, hypoxia itself also plays a major role in tumor 

vascularization and metastasis (Finger and Giaccia 2010). For instance, exosomes 

released by a leukemia cell line under hypoxic conditions enhanced tube formation in 

endothelial cells (Tadokoro et al. 2013). Glioblastoma multiforme exosomes mediated 

hypoxia-dependent intercellular signalling. Exosomes derived from glioblastoma cells 

grown in hypoxic conditions can modulate the endothelial cells to a pro-angiogenic and 

migratory phenotype (Kucharzewska et al. 2013). 

 

1.3.3.  Intravasation and Extravasation 

Towards a metastatic phenotype, cancer cells acquire additional characteristics 

which allow their proliferation from the primary tumor, intravasation to the bloodstream, 

circulation and extravasation at the metastatic site. Exosomes from breast cancer 

containing microRNA-105 decreased ZO-1 expression in endothelial cells therefore, 
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disrupting endothelial tight junctions and amplifying vascular permeability (Zhou et al. 

2014). Tumor exosomes from metastatic hepatocellular carcinoma contain tumorigenic 

mRNAs and proteins, such as MET protooncogene. Exosomes carrying MET can 

mobilize normal hepatocytes, which may facilitate cancer cell motility through liver 

parenchyma during metastasis (M. He et al. 2015). Recently, cell-intrinsic change of Met 

expression was associated with the metastatic phenotypes (Adachi et al. 2016). In 

melanoma, low expression of Met was associated with angiogenesis, rapid tumor growth 

and chemotherapeutic resistance while with high expression of Met, cancer cells had a 

differentiated phenotype and were resistant to B-RAF inhibitors, increasing metastasis 

in the lungs. This suggests that Met exosomes can promote endothelial cells 

transformation and movement through the vascular structures which facilitate the 

metastatic process.  

 

1.3.4. Organ colonization 

Once cancer cells leave the primary tumor their utmost aim is to survive. For that, 

they should be able to establish at a secondary organ site. To prepare the metastatic 

sites, the primary tumor secretes signals such as exosomes. These secreted signals 

travel to specific organs where they induce changes to prepare the environment to 

receive the cancer cells. Recruitment of different cells to the metastatic niche, such as 

endothelial progenitor cells, fibroblasts, macrophages and bone marrow-derived cells 

(BMDC) is promoted by tumor exosomes (Costa-Silva et al. 2015; Peinado et al. 2012). 

Melanoma exosomes prepare sentinel lymph nodes for tumor metastasis (Hood, San 

Roman, and Wickline 2011). Homing of melanoma exosomes promotes melanoma cells 

recruitment, ECM deposition and increase vascular proliferation factors in the lymph 

nodes (Hood, San Roman, and Wickline 2011). Moreover, melanoma exosomes educate 

and mobilize BMDCs towards a pro-vasculogenic phenotype that induces vascular 

leakiness at the metastatic site (Peinado et al. 2012). Another study showed that 

pancreatic ductal adenocarcinoma (PDAC) exosomes initiate the formation of metastasis 

in the liver (Costa-Silva et al. 2015). In prostate cancer, exosomes secreted by cancer 

cells decreased the expression of markers for osteoclast fusion and differentiation but 

promoted osteoblast activity and regulation of bone metastases microenvironment 

(Karlsson et al. 2016; Ye et al. 2017). Tumor exosomes can also reprogram glucose 

metabolism at the metastatic site. Breast cancer exosomes carrying microRNA-122 

suppress glucose uptake by non-cancer cells increasing nutrient availability to the 

recipient cell at the metastatic site (Fong et al. 2015). Interestingly, exosomes from 
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stromal cells can regulate metastasis survival, dormancy or growth. Exosomes released 

by brain astrocytes containing microRNA-19 silence the PTEN expression in metastatic 

cells. PTEN downregulation increased secretion of the chemokine CCL2 which recruits 

myeloid cells that promote the growth of brain metastasis (Zhang et al. 2015). These 

evidences demonstrate the remarkable plasticity of the tumor microenvironment, where 

exosomes from non-neoplastic cells may affect the cancer cells (Zhang et al. 2015). 

The distribution of cancer cells to specific organs is not a random process, and it 

is known as metastatic organotropism. The role of tumor exosomes in metastatic 

organotropism has been explored. Tumor exosomes express integrins that associated 

with molecules, such as laminin and fibronectin, could predict the metastatic site (A. 

Hoshino et al. 2015). Exosomes’ integrins α6β1 and α6β4 were correlated with lung 

metastasis, while integrins αvβ5 and αvβ3 were associated with liver metastasis (A. 

Hoshino et al. 2015). Once the secondary organ is colonized by the metastatic cells, they 

frequently present epithelial characteristics, suggesting a mesenchymal to epithelial 

transition. Metastatic cells return to a less migratory phenotype but higher proliferation 

capacity, enabling metastasis development (Wells, Yates, and Shepard 2008). In 

prostate cancer, patient adipose-derived stem cells developed cytogenic aberrations and 

mesenchymal to epithelial transition, expressing epithelial, neoplastic and vasculogenic 

markers (Elmageed et al. 2014). The trafficking of prostate cancer exosomes was 

associated with these phenotypic alterations (Elmageed et al. 2014). After the metastasis 

is well established, neoangiogenesis is necessary to provide the nutrients and oxygen 

required to avoid cancer necrosis and allow metastasis growth (Vong and Kalluri 2011). 

Breast cancer-associated fibroblasts stimulate neoangiogenesis through secretion of 

exosomal stromal cell derived factor-1 (SDF-1) (Cho et al. 2012). Stromal myofibroblasts 

are sources of angiogenic growth factors, ECM remodelling enzymes, inflammatory 

cytokines and chemokines which recruit infiltrating immune cells. In addition, stromal 

myofibroblasts recruit endothelial cells to migrate and form new blood vessels (Vong and 

Kalluri 2011). Neoangiogenesis results not only from myofibroblasts exosomes 

stimulating factors but also from microRNA transport directly to the surrounding stroma, 

influencing direct gene expression (Skog et al. 2008).  

 

1.3.5.  Exosomes in tumor immunity 

Exosomes and their role in the immune system was first described in the late 

1990s, when a study showed that exosomes from human and murine B lymphocytes 

contained antigen-specific MHC class I and II (G Raposo et al. 1996). For instance, 
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treatment of dendritic cells derived from the bone marrow with tumor exosomes triggered 

T-cell mediated antitumor immune response (Wolfers et al. 2001). Since then, the 

involvement of exosomes in immune regulation from tumor proliferation to metastasis 

establishment, has been extensively studied. 

To effectively reach in the host organ, cancer cells need to escape 

immunosurveillance and survive in the blood circulation. In this regard, exosomes 

released by platelets seem to be key players in this event. Platelet-derived exosomes 

express P-selectin and glycoprotein IIb-IIIa, which interact with endothelial cells, cancer 

cells and leucocytes (Dean et al. 2009; Dovizio et al. 2015). In the blood stream, platelets 

escort cancer cells and assist cell adhesion at the vessel endothelium, via P-selectin, 

allowing extravasation into the metastatic organ (Erpenbeck and Schön 2010; Gay and 

Felding-Habermann 2011). Additionally, platelet interaction with metastatic cells, protect 

them from natural killer (NK) cells enabling the survival in the blood circulation (Borsig et 

al. 2002). After extravasation to the metastatic site, a process not yet elucidated, tumor 

exosomes activate immunosuppressive pathways to enable metastatic cells 

proliferation. Exosomes secreted from acute myeloid leukemia cells were capable of 

inducing apoptosis of activated T cells. These cancer exosomes inhibited signalling and 

proliferation of CD8+ but not CD4+ T cells, inducing antitumor CD8+ effector T cells 

apoptosis (Wieckowski et al. 2009). In fact, exosomes from a human prostate cancer cell 

line decrease T-cell proliferation in a dose-dependent manner through Fas/FasL-

mediated apoptosis (Abusamra et al. 2005). Also, cancer exosomes promoted CD4+ T 

cells differentiation into regulatory T-cells (Treg) which express interleukin-10 (IL-10), 

TGF- β1, cytotoxic T-Lymphocyte antigen 4 (CTLA-4) and granzyme B (GrB)/perforin. 

Altogether, decreased cytotoxic activity of NK cells and, consequently improved cancer 

cells survival (Whiteside 2013). In addition to these immune cells, macrophages are also 

important in tumor progression and metastasis. Macrophages are activated by cancer 

cells, releasing growth factors, cytokines, proteolytic enzymes and pro-inflammatory 

mediators. Cancer macrophages can modify the ECM, stimulate angiogenesis, promote 

cancer cell invasion and suppress the immune system (Noy and Pollard 2014; Pollard 

2004). The presence of high infiltration of macrophages has been correlated with 

metastasis and poor prognosis in several human cancers (Qian and Pollard 2010; Ojalvo 

et al. 2009). Moreover, breast cancer exosomes stimulated NF-kB (nuclear factor-kB) 

activation in macrophages resulting in pro-inflammatory cytokines release. In vivo 

experiments showed that Toll-like receptor-2 (TLR-2), a critical signalling adaptor in the 

NF-kB pathway, is responsible for the interaction of exosomes with macrophages (Chow 

et al. 2014). Also, cancer-associated macrophages were described to transfer 
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apolipoprotein E (ApoE) to gastric cancer cells through exosomes. M2 macrophages 

express high levels of ApoE and the release of exosomal ApoE activates the PI3K/Akt 

signalling pathway in the recipient cancer cell, which facilitates cytoskeleton remodelling 

and increase gastric cancer cells migration (Zheng et al. 2018). Overall, exosomes from 

cancer macrophages contribute to a pro-inflammatory response and support cancer 

survival and aggressiveness.  

 

1.4. In vivo tools to study exosomes  

Despite the increasing interest in research of cancer exosomes, the tools and 

methodologies available are based in the administration of labeled exosomes purified 

from cell lines into animal’s circulation, or the injection of genetically engineered cells 

that produce labeled exosomes (Adem and Melo 2017). Recently, the Cre-loxP system 

together with a color based methodology was used (Zomer et al. 2016). In this model, 

EVs from donor cells are Cre-recombinase positive labelled with CFP and when taken 

up by non-recombined Cre-reporter cells, the DsRed-stop codon is removed, and the 

recombinant cells express eGFP (Zomer et al. 2016). Moreover, using this approach, it 

was shown that EVs released by malignant tumor cells are taken up by less malignant 

tumor cells at the same site or at a distance, which enhanced the migratory behavior and 

metastatic capacity of those cells (Zomer et al. 2015). This study showed for the first time 

evidences of in vivo cargo transfer through EVs in situ (Zomer et al. 2015). The use of a 

cancer cell line engineered with an exosomal marker fuse with a fluorescent protein has 

already been performed (Suetsugu et al. 2013). Nonetheless, results from in vitro 

experiments need to be carefully interpreted when trying to extrapolate to the in vivo 

context.  

 

1.5. Pancreatic cancer 

Pancreatic cancer is one of the most lethal cancers in the world with a 5-year survival 

around 8% (J. He et al. 2014).  Pancreatic cancer is an extremely aggressive tumor and 

difficult to treat, and it is predicted to become the second leading cause of cancer death 

in the next decade (Rahib et al. 2014). The diagnosis is usually associated with the 

appearance of vague symptoms, which include fatigue, indigestion, abdominal and back 

pain, and jaundice that are often attributed to other factors (Siegel and Miller 2018). 

Therefore, diagnosis often occurs at late stages, when the disease is already metastatic 

and treatment indications are mostly palliative. Around 20% of the patients are diagnosed 



15 
 

with resectable disease, a point at which surgery can be a curative treatment, although 

many relapse within five years (J. He et al. 2014). Pancreatic cancer is characterized by 

genetic and epigenetic alterations and a complex and dense stroma. All these factors 

confer resistance to most standard treatments, including chemotherapy, radiotherapy 

and molecularly targeted therapy. At least 10% of pancreatic cancer patients have a 

family history of pancreatic cancer (Turati et al. 2013). Patients that smoke cigarettes 

(Bosetti et al. 2012), with advanced age, male sex or with diabetes mellitus (Bosetti et 

al. 2014) and chronic pancreatitis (Raimondi et al. 2010) have higher risk to develop 

pancreatic cancer. Despite all the efforts, the incidence and overall prognosis of 

pancreatic cancer remains extremely poor. 

The most common subtype of PC is pancreatic ductal adenocarcinoma (PDAC). The 

majority of PC cases evolve through pre-neoplastic lesions, most frequently pancreatic 

intraepithelial neoplasia (PanIN), but can also arise from larger precursor lesions, such 

as intraductal papillary mucinous neoplasms or mucinous cystic neoplasms (Hezel et al. 

2006; Tanaka 2014). The driving oncogene in PC is dominated by activating mutations 

in KRAS, present in >90% of the tumors while 50-80% of PC cases present inactivating 

mutations of TP53, CDKN2A and SMAD4, while other genes, such as ARID1A, MLL3 

and TGFBR2 are mutated in 10% of the tumors (Graham et al. 2015). KRAS mutation 

activates multiple signalling pathways to affect cell proliferation, growth, survival and 

motility, among others (Suda, Tomizawa, and Mitsudomi 2010). Pancreatic tumors are 

characterized by an abundant and dense desmoplastic reaction (stroma) that result in a 

hypoxic and nutrient-deprived microenvironment. This stroma is composed by ECM 

proteins, pancreatic stellate cells, fibroblasts, infiltrating immune cells and endothelial 

cells (Seymour et al. 1994; Feig et al. 2012). Pancreatic stellate cells play a crucial role 

in disease progression and chemotherapy resistance, they can increase cancer cells 

survival by inhibiting cell apoptosis, thereby facilitating the formation of a cancer cell 

niche (Hamada et al. 2012). Moreover, stellate cells can travel from the primary tumor to 

distant sites where they promote the growth of metastatic cancer cells (Xu et al. 2010). 

  

1.5.1. Exosomes in Pancreatic cancer  

Exosomes have been acknowledged as crucial players in the intercellular 

communication between pancreatic cancer cells, its microenvironment and the 

metastatic site. Furthermore, exosomes carrying specific cargo were identified as 

potential biomarkers for disease prognostic. A study using pancreatic cancer cell lines 

and serum from PDAC patients detected exosomes containing genomic DNA with KRAS 
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and TP53 mutations (Kahlert et al. 2014). In fact, serum from PDAC patients contained 

genomic DNA spanning all chromosomes. These results suggest that PC exosomes from 

serum can be used to detect genomic DNA mutations for cancer prediction. Furthermore, 

a cell surface proteoglycan, glypican-1 (GPC1), was identified in the exosomes from 

serum of pancreatic cancer patients. GPC1+ circulating exosomes distinguished healthy 

individuals from pancreatic cancer patients, and most importantly enabled disease 

detection before imaging techniques could detect any lesion in the pancreas (Melo et al. 

2015). The levels of GPC1 were correlated with tumor burden and the survival of surgical 

patients. This study propose GPC1+ circulating exosomes as a potential non-invasive 

diagnostic and screening tool to detect early stages of PC (Melo et al. 2015). 

The primary tumors release a subset of molecules that prepare the metastatic site 

microenvironment to receive the metastatic cells. Tumor exosomes have been 

characterized as drivers of the metastatic process. A recent study demonstrated that 

PDAC exosomes initiate the formation of the metastatic niche in the liver and 

consequently increased liver metastatic burden (Costa-Silva et al. 2015). PDAC 

exosomes express macrophage migration factor (MIF) that is taken up by Kupffer cells 

in the liver, causing the secretion of TGF-β. In turn, TGF-β increases fibronectin 

production by hepatic stellate cells which bind to BMDCs and migrate to the liver. These 

sequential events establish the formation of a niche suitable for liver metastasis. 

Moreover, MIF was also found to be highly expressed in exosomes from PDAC patients 

with progressive disease suggesting that exosomal MIF may be a possible prognostic 

marker for PDAC liver metastasis (Costa-Silva et al. 2015).  

 

1.5.2. In vivo study of PDAC: the KPC mouse model 

Our understanding of pancreatic cancer pathogenesis has improved over the 

years. However, the overall survival of PC patients remains very modest (Rawla, 

Sunkara, and Gaduputi 2019). Model systems of pancreatic cancer have been 

developed, from the establishment of the traditional cell lines and xenograft models, to 

genetic engineered mouse models (GEMMs), organoid cultures and patient-derived 

xenografts (PDXs) (Boj et al. 2015; Westphalen and Olive 2012). Mouse models of 

pancreatic cancer that target somatically mutant alleles to the mouse pancreas have 

revealed that KrasG12D mutation in enough to initiate PanIN, which can progress to fully 

invasive and metastatic disease (Hingorani et al. 2003; Guerra et al. 2007). 

Unfortunately, mice expressing KrasG12D developed an aggressive, locally invasive and 

undifferentiated disease, occasionally with micrometastases (Aguirre et al. 2003). 
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Thereby, additional mutations may be required to develop a fully penetrant disease. 

Hingorani et al., developed a mouse model with the KrasG12D and the Trp53R172H/+ 

mutation that are targeted to the mouse pancreas using the Cre-Lox technology. The 

KrasG12D mutation drives neoplastic transformation and the Trp53R172H/+, an ortholog of 

one of the most common TP53 mutations in human PDAC, leads to tumor progression. 

The KPC (LSL-KrasG12D/+; Trp53R172H/+; Pdx1Cre/+) model is a GEMM that develop 

spontaneous PDAC with full penetrance that recapitulates the clinical and histological 

features of the human disease (Hingorani et al. 2005). These animals express Cre 

recombinase under the control of the mouse pancreatic-duodenal homeobox promoter 

(Pdx). The activation of the KrasG12D/+ and Trp53R172H/+ alleles occurs in the progenitor 

cells of the mouse pancreas in development, due to the Pdx promoter that is only 

activated at embryonic stages. The KPC mice have significant advantages over other 

models of PDAC. The pancreas of newly born KPC mice is histologically normal, only by 

8 to 10 weeks of age, the mice develop precursor lesions such as PanINs, in the 

pancreas. Around 16 weeks of age, most KPC mice have developed invasive PDAC with 

a dense desmoplastic reaction. At this time, the KPC model can recapitulate many 

clinical features such as ascites development, cachexia, bowel and biliary obstruction, 

jaundice and weight loss. In addition, PDAC tumors can metastasize to multiple sites 

including liver, lung, lymph nodes and peritoneum. The tumors from KPC mice present 

differentiated ductal morphology with extensive stromal desmoplasia, similar to what is 

observed in the human cancer. The tumors in mice express many of the 

immunohistochemical markers observed in the human disease, harbour complex 

genomic rearrangements indicative of genomic instability and are mostly resistant to 

chemotherapy (Westphalen and Olive 2012; Hingorani et al. 2005). All these 

characteristics seen in the KPC model reflect tumor progression in human PDAC making 

this a good model to investigate PDAC metastasis. 

 

1.6. The ExoBow mouse model 

The current state of the art relative to the available techniques to study exosomes 

biological significance in vivo do not reflect the correct location, concentration and nature 

of exosomes released by tumor cells. Therefore, it is of great interest the development 

of a mouse model that enables exosomes study closer to the normal biological system. 

Dr. Melo´s team has developed a unique GEMM which allows the study of exosomes 

distribution in vivo, in both pathological and non-pathological conditions, the ExoBow 

(Figure 4). The ExoBow is a multireporter mouse that produces color-coded pancreas-
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derived exosomes. The ExoBow transgene contains the tetraspanin CD63 open reading 

frame (ORF), an exosomal marker, cloned into intron 1 of ROSA26 locus under the 

action of the CAG promoter. A neomycin resistance cassette with a stop-codon flanked 

by FRT sites is upstream of the CD63 ORF. The CD63 tetraspanin is followed by four 

different fluorescent reporter proteins, mCherry, phiYFP, eGFP and mTFP flanked with 

distinct and incompatible lox recombination sites (LoxN, Lox2272 and Lox5171). 

Through the action of the recombinase flippase (Flp) the stop cassette is deleted allowing 

the expression of CD63-mCherry fusion protein (Cai et al. 2013; Livet et al. 2007). Thus, 

the expressing cell will be CD63-mCherry positive and the respective exosomes will have 

the same label of the cell of origin. Cre recombinase can mediate the deletion of one of 

the three pairs of the mutually exclusive lox sites, allowing the expression of one of the 

three fusion proteins CD63-phiYFP, -eGFP or -mTFP. Hence, the resulting cell will have 

one of the three colors and produce exosomes labeled with the same color. The ExoBow 

(R26CD63-XFP/+; Pdx-1Flp/+;Cre/+) can be tissue specific and also inducible. 

 

Figure 4. ExoBow knock-in allele at ROSA26 locus. The ExoBow construct is under the action 

of a stronger promoter, CAG. Upstream of the CD63 gene is a neomycin resistance cassette with 

a stop-codon flanked by FRT sites. Each fluorescent protein its between different Lox 

recombination sites (LoxN, Lox2272 and Lox5171). In the presence of Flp recombinase the FRT 

sites are removed allowing the expression of CD63-mCherry. Cre recombinase mediate one of 

the three deletions to allow CD63-phiYFP, CD63-eGFP or CD63-mTFP expression. The 

expressing cell will be fluorescently label and produce exosomes with the same color. 
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1.6.1. KPC-ExoBow mouse model 

In order to identify the biodistribution and network of communication of PDAC 

metastasis exosomes the ExoBow model was crossed with the KPC model to generate 

the KPC-ExoBow (R26CD63-XFP/+;LSL-KrasG12D/+;Trp53R172H/+;Pdx-1Flp/Cre) mice, in which 

cancer cells secrete color-coded exosomes. Cre and Flp recombinases are under the 

control of the Pdx-1 promoter which is characteristic of the KPC model. Therefore, in the 

KPC-ExoBow mice in which both Flp and Cre recombination occur, the pancreatic cancer 

cells will produce CD63-eGFP, -phiYFP or -mTFP positive exosomes. This model will 

allow the identification of cancer cell communication by unravelling the routes 

established by cancer exosomes during tumor progression and metastasis. 

 

1.7. Hypothesis 

The role of cancer exosomes during the progression of the disease is well-

documented. Nevertheless, with respect to metastasis most studies are focused on the 

role of tumor exosomes in the metastatic niche formation and metastasis establishment, 

while the role of exosomes from the metastatic site remains mostly unexplored. We 

hypothesize that metastasis-derived exosomes may be important in the survival and 

growth of the metastasis. To test our hypothesis, we will identify the communication 

established in vivo by exosomes derived from pancreatic cancer metastasis, the ExoMet, 

at both local and distant sites. 

Our work has the possibility to unravel new and important fragilities in the 

establishment of the metastasis and its growth, opening new perspectives for the 

treatment of the deadliest process in cancer, the metastasis. 
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2. Materials and Methods 

 

2.1. Cell Culture 

In this study three different PDAC cell lines were used, BxPC-3, Mia PaCa-2 and 

KPC. BxPC-3 and Mia PaCa-2 cell lines were purchased from ATCC (American Type 

Culture Collection) and have been authenticated by STR Profiling, as well as routinely 

mycoplasma tested. KPC cell line was purchased from Ximbio. BxPC-3 and Mia PaCa-

2 cell lines were cultured in RPMI (Roswell Park Memorial Institute) 1640 (1x) medium 

(Gibco®) and KPC cell line was cultured in DMEM (Dulbecco’s modified Eagle’s medium) 

(1x) medium (GE Healthcare Life Sciences). The medium was supplemented with 10% 

FBS (fetal bovine serum) (Gibco®) and 1% penicillin-streptomycin (Gibco®). The cells 

were maintained at 37 ºC in a humidified chamber with 5% CO2. 

 

2.2. Cell line transfection 

BxPC-3 cells were transfected with the mouse (ms) vectors CD63-XFP: msCD63-

mCherry, msCD63-phiYFP, msCD63-eGFP and msCD63-mTFP in the pRP[Exp]-Puro-

CAG plasmid backbone. Each plasmid (2.5 µg DNA/1.5 x 105cells) was separately 

transfected using cells in suspension using Invitrogen Lipofectamine® 2000 (Invitrogen) 

according to the manufacturer’s instructions. 72h after transfection, cells were 

maintained in selection medium containing 10 mg/mL of puromycin (Sigma-Aldrich®). 

The transfected cells were also selected by cell sorting using the FACS ARIA sorter 

(Advanced Flow Cytometry Unit of i3S, Porto). Clones were considered stable when 

>90% cells were positive for the respective fluorescent marker for up to three cell 

passages with no selection. 

 

2.2.1. Flow cytometry 

For each clone, transfected cells expressing the respective fluorescent marker 

were selected via cell sorting performed as follows. When at 70-90% confluency, each 

transfected cell line was trypsinized, using 0.05% (w/v) Trypsin-EDTA (0.5%) (1×) 

(Gibco®), then washed 2 times with NaCl 0.9% (B.Braun®) and filtered through blue cap 

FACS tube. The parental cell line (no color) was used as control for the selection of 

positive cells (with color). The sorted cells were plated and maintained under selection 
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conditions until the end of the process of stable transfection. Data from flow cytometry 

acquisition was analysed using the FlowJo software (version 10, BD). 

 

2.3. Protein extraction and quantification 

Cells were washed with NaCl 0.9%, trypsinized and pellet down by centrifugation at 

1200 rpm for 5 minutes. Using RIPA buffer (AMRESCO®) supplemented with 

phosphatase inhibitor phenylmethanesulfonyl fluoride (PMSF) (Sigma-Aldrich®) and 

protease inhibitor cOmpleteTM (Roche), cells were lysed. The cells lysates were 

incubated on ice for 30 minutes, followed by a 30 minutes centrifugation at 17 000 g, 4 

ºC. The supernatant was transferred to a new tube and the pellet discarded. The total 

protein concentration in the supernatant was measured using an adaptation of the 

Lowry’s method (DC™ Protein Assay Reagent, BIO-RAD®) according to the 

manufacturer’s instructions. 

 

2.4. Exosomes isolation from cell culture medium 

BxPC-3 msCD63-XFP cells were cultured in exosomes-free medium (RPMI medium 

supplemented with 10% FBS depleted of exosomes and 1% penicillin-streptomycin). 

After 72 hours the medium was collected and centrifuged at 2500g for 10 minutes 

followed by a 5 minutes centrifugation at 4000g. Subsequently, the medium was filtered 

through a 0.2 μm filter (GE Healthcare Whatman™) directly to an ultra-clear centrifuge 

tube (Beckman Coulter®). The samples were centrifuged overnight at 100 000g, 4 ºC 

using the Optima™ L-80 XP ultracentrifuge, Beckman Coulter. The supernatant was 

carefully removed, and the pellet kept for downstream analysis.  

 

2.4.1. Sucrose gradient  

Exosomes isolated from BxPC-3 msCD63-XFP cells by ultracentrifugation were 

subjected to a continuous sucrose gradient (0.25 – 2 M) (Théry et al. 2006). The pellet 

was first resuspended in 2 mL of HEPES/Sucrose stock solution (HEPES 20 

mM/protease-free sucrose 2.5M, pH 7.4) and transferred to an ultra-clear centrifuge 

tube. Using a gradient maker, 2 M sucrose solution was loaded in the proximal cavity 

while 0.25 M sucrose solution was loaded in the distal compartment with a magnet stirrer. 

The ultra-clear centrifuge tube was placed under the outer tubing of the gradient maker. 
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The shutter between the proximal and distal compartments was opened followed by the 

opening of the outer shutter. A continuous sucrose solution (2 M to 0.25 M) was 

dispensed into the ultracentrifuge tube with the exosomes suspension. The tubes 

containing the exosomes sucrose gradient were centrifuged overnight (> 14 hours) at 

210 000g, 4 ºC. After ultracentrifugation, 1 mL of gradient fractions, from top to bottom, 

were collected. 50 μL of each fraction was used to measure the refractive index in a 

refractometer. Each fraction was individually placed in an ultra-clear centrifuge tube, 

diluted in NaCl 0.9% and centrifuged at 100 000g for 2 hours, at 4 ºC. The resultant pellet 

was resuspended in 30 μL 2.5% SDS/8 M Urea and incubated for 30 minutes on ice, 

followed by a 30 minutes centrifugation at 17 000g, 4 ºC. The supernatant was stored at 

-20 ºC. 

 

2.4.2. Exosomes quantification by Nanosight 

The pellet of exosomes that resulted from the ultracentrifugation of the cell culture 

medium, was resuspended in 200 μL of NaCl 0.9%. Samples were diluted in NaCl 0.9% 

in a ratio 1:20 and their size and concentration were measured using the Nanoparticle 

Tracking Analysis (NTA) technology (NanoSight NS300 particles counter). 

Measurements are done in quadruplicate, three independent movies and analyses of 

constant flowing sample measured, and data on size is presented as mode and 

concentration as particles/mL upon calculation having into account the respective 

dilution factor. 

 

2.5. Western Blot 

For western blot analysis, 30 μg of each protein sample from cells was used. For 

analysis of the exosomes fraction obtained by sucrose gradient, the total volume of 30 

μL of each sample was used. All samples were incubated with laemmli buffer without β-

mercaptoethanol (ratio 4:1) for 10 minutes at 95 ºC. Proteins were separated by 7.5% 

(w/v) sodium dodecylsulphate (SDS)-polyacrylamide gel electrophoresis at constant 120 

V until the protein of interest was conveniently separated. The molecular weight 

estimation of the obtained bands was made using Precision Plus Protein™ Dual Color 

Standards (BIO-RAD®). After separation by electrophoresis, proteins were transferred 

onto nitrocellulose membranes 0.2 μm (GE Healthcare®) using a wet electrophoretic 

transfer for 90 minutes at 100 V. Ponceau S staining was used to confirm an effective 

protein transfer. Subsequently, the nitrocellulose membranes were blocked with 5% non-
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fat dry milk in phosphate-buffered saline (PBS) 1x/0.1% Tween 20 (Sigma-Aldrich) for 1 

hour at room temperature. After blocking, membranes were incubated overnight at 4 ºC 

on a shaker with the following primary antibodies: mouse anti-CD63 (dilution 1:500, BD 

Pharmingen™ 551458), anti-mCherry (dilution 1:500, Biorbyt orb116118), anti-eGFP 

(dilution 1:500, Abcam ab13970), anti-phiYFP (dilution 1:1000, Evrogen AB603) and 

anti-mTFP (dilution 1:500, kindly provided by Cai Laboratory, University of Michigan 

Medical School, Michigan, USA). After 4 washes with PBS 1X/0.1% Tween 20 for 10 

minutes intervals on an orbital shaker, membranes were incubated 1 hour at room 

temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies: anti-

rat (dilution 1:2000, GenScript a00167), anti-goat (dilution 1:5000, Abcam ab6741), anti-

chicken (dilution 1:5000, Sigma-Aldrich A906), anti-rabbit (dilution 1:5000, Cell Signalling 

7074) and anti-rat (dilution 1:5000, GenScript a00167), respectively. Membranes were 

washed 4 times at 10 minutes intervals with PBS 1X/0.1% Tween 20 on an orbital shaker. 

In the end, all membranes were incubated with Clarity™ Western Enhanced 

chemiluminescence (ECL) Substrate (BIO-RAD), according to the manufacturer’s 

recommendations, to detect the bands using GE Healthcare Amersham™ Hyperfilm™ 

ECL. 

 

2.6. Immunofluorescence 

A cover slip was placed into a 24-well plate in sterile conditions. A total of 40 000 

BxPC-3 msCD63-XFP cells were plated separately in each well. The cells were 

maintained in RPMI medium supplemented with 10% FBS and 1% penicillin-

streptomycin in a 5% CO2 humidified incubator at 37°C for 24 hours. Cells were washed 

with cold PBS 1x for 5 minutes and fixed with 4% paraformaldehyde (PFA) (Sigma-

Aldrich) for 15 min at room temperature. After fixation, the cells were washed three times 

with cold PBS 1x for 5 minutes and then, incubated with a quenching solution of 0.1M 

glycine for 5 minutes at room temperature. The cells were permeabilized with a solution 

of Triton-X (VWR) 0.1% followed by a 45 minutes incubation at room temperature with 

10% Albumine Bovine Fraction V (BSA) (NZYTech). After blocking, cells were incubated 

overnight at 4 ºC with the following primary antibodies: human anti-CD63 (Novus 

Biologicals® H5C6), anti-mCherry, anti-eGFP (Bio-Rad 81/4745-1051), anti-phiYFP and 

anti-mTFP, in a dilution of 1:500 in 2% BSA. Anti-mCherry, anti-phiYFP and anti-mTFP 

antibodies were developed and kindly provided by Cai Laboratory, University of Michigan 

Medical School, Michigan, USA. Next day, after washed, cells were incubated 45 

minutes at room temperature with the respective secondary antibodies: anti-mouse 
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Alexa-Fluor® 594 (Abcam ab150108), anti-chicken Alexa-Fluor® 633 (Sigma, 

SAB4600127), anti-sheep Alexa-Fluor® 488 (Jackson Immunoresearch, 713-545-003), 

anti-rabbit Alexa-Fluor® 488 (Jackson Immunoresearch, 711-545-152) and anti-rat 

Alexa-Fluor® 488 (Invitrogen, A21208), at a 1:500 dilution in 2% BSA. Counterstain was 

achieved using Hoechst solution (dilution 1:10 000, Thermo Scientific) for 10 minutes. 

Between each incubation, the cells were washed 3 times at 5 minutes intervals with PBS 

1x. The cover slips were mounted using a drop of VECTASHIELD mounting medium 

(VECTOR Laboratories®) and sealed with nail polish to prevent drying. Samples were 

stored protected from light at 4 ºC until observation at the spectral confocal microscope 

Leica TCS-SP5 AOBS (Bioimaging Center, i3S, Porto). 

 

2.7. In vitro co-culture 

To analyse the communication between BxPC-3 msCD63-XFP cells, co-cultures of 

two distinct msCD63-XFP stable clones were performed. A total of 100 000 BxPC-3 

msCD63-XFP cells were mixed and plated in a 35 mm cell imaging dish with a glass 

bottom (Ibidi®) in a proportion of 1:1. When analysing the communication between BxPC-

3 msCD63-XFP with BxPC-3 human (hu) CD63-XFP, a proportion of 4:1 was used. Each 

co-culture was incubated during 96 hours in a 5% CO2 humidified incubator at 37°C. 

Afterwards, the cell cultures were observed in the spectral confocal microscope Leica 

TCS-SP5 AOBS (Bioimaging Center, i3S, Porto) and a post image processing was 

performed using NIH ImageJ software. 

 

2.8. KPC-ExoBow mice 

 

2.8.1. Monitoring 

KPC-ExoBow mice were monitored. The animal behaviour, appearance, body 

weight, food and water consumption were assessed to follow the disease progression 

and to assure that the welfare of the animal was maintained. The presence of a mass in 

the pancreas was analysed also by palpation of the abdomen. 

All procedures using mice models were approved by Direção-Geral de 

Alimentação e Veterinária (DGAV ref. 015225/2017-06-30) and the animal facility at i3S, 

Porto, and I have accredited authorization for mice handling (FELASA B). 
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2.8.2. Euthanasia 

When the animal health and welfare were compromised, and the humane 

endpoints were reached the animals were euthanized. At time of euthanasia, animals 

were anaesthetised in 5% isoflurane and blood was collected retro-orbitally followed by 

cervical dislocation. The abdominal cavity was exposed, and necropsy was performed. 

The pancreas, liver and lung were collected. Liver and lung metastasis and ¼ of the 

pancreas were collected and maintained on ice for downstream processing for FACS 

analysis. The remaining organ collected was placed in formalin 20% v/v for tissue 

fixation. 

 

2.9. Metastasis digestion and flow cytometry 

The liver, lung and tumor samples collected were diced with sterile scalps into 3x3 

mm pieces. The tissues were digested using 0.012% w/v dispase-collagenase XI buffer 

(Sigma-Aldrich), incubated at 37 ºC for 15 minutes with vortex agitation intervals of 5 

minutes each. The digestion reaction was stopped with DMEM F12 Glutamax medium 

(Gibco®) and then centrifuged at 600g for 5 minutes. The digested tissues were smash 

and filtered through a 70 μm cell strainer (Falcon®) with the help of a syringe embolus 

followed by centrifugation. Afterwards, cells were incubated 3 minutes with Red Blood 

Lysis buffer (pH 7.2) and the reaction was stopped with Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM/F-12) (Gibco®). Cells were spun down and 

washed twice with Hank’s Balanced Salt Solution (HBSS) 1x. The final samples were 

resuspended in HBSS 1x and filtered through a 70 μm cell strainer to a FACS tube. The 

sample of each organ was then analysed and sorted using the FACS Aria sorter 

(Advanced Flow Cytometry Unit of i3S, Porto). Cell viability was assessed using the 

fixable viability dye eFluor™ 780 (ThermoFisher 65-0865-14). Cells from the liver and 

lung positive for the fluorescein isothiocyanate (FITC) channel were collected. Tumor, 

liver and lung from a KPC ExoBow negative for flippase mouse was used as control for 

the fluorescence. Liver metastatic cells were resuspended in 20 μL of Matrigel™ 

Basement Membrane Matrix (BD) while lung metastatic cells were resuspended in 100 

μL of NaCl 0.9%. Cells were maintained on ice until orthotopic injection into mice. 
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2.10. Orthotopic injection of metastatic cells 

 

2.10.1. Intrahepatic injection 

Wild-type mice were anaesthetized by intraperitoneal administration of a 

ketamine/xylazine (125mg/kg/12.5mg/kg) solution followed by the subcutaneous 

administration of an analgesic, buprenorphine (0.08mg/kg). The mice fur was shaved in 

the ventral abdomen area and sterilized with betadine solution and 70% ethanol. Using 

a sterile scalpel, a transverse bilateral incision was made in the skin, a similar incision 

was performed in the muscle layers using scissors to enter the peritoneal cavity, 

exposing the liver. The liver metastatic cells were resuspended and 20 μL of cells 

suspension in Matrigel was loaded into a Hamilton syringe. The needle of the syringe 

was inserted into the liver and the cells were gently injected. The needle was carefully 

removed from the liver and gentle pressure with a cotton-swab was applied followed by 

the placement of a hemostatic gauze (Celox™ Rapid Hemostatic Gauze) in the injection 

site to stop bleeding. When the hemostasis was achieved, the liver was carefully placed 

inside the abdominal cavity and the incision was closed using 6-0 PGA sutures (Surgicryl 

PGA 6-0). After surgery, the anaesthetic effect was reversed through subcutaneous 

administration of atipamezole (2.5 mg/kg). During 3 days post-surgery, buprenorphine 

was administered to the animal every 12 hours. 

 

2.10.2. Intravenous injection 

The animals were placed under an infrared lamp used to stimulate the dilatation 

of the tail vein. After a few minutes the veins were vasodilated, and it was possible to 

identify them. The animals were placed in a restrainer device, the cells were 

resuspended and injected with a 0.5mL Insulin Syringe & Needle 30G (BD). The tail was 

disinfected with ethanol 70%, the needle was inserted in the vein and the 100 μL of lung 

metastatic cells were injected. After injection the needle was withdrawn, and a gauze 

was placed immediately at the site of injection with gentle pressure to stop the bleeding. 

 

2.11. H&E staining 

The paraffin-embedded organs were sectioned in 4 μm slices using a microtome 

Microm HM335E (HEMS, i3S, Porto) and transferred to KP frost slides (Klinipath). The 

slides were incubated at 37 ºC overnight and stained using the haematoxylin-eosin 
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staining as briefly described next. Sections were deparaffinized with xylene, followed by 

dehydration by submersion in solutions of decreasing alcohol concentrations (100%, 

100%, 70%) and rinsed in running water. The sections were then stained with Modified 

Gill II Hematoxylin (Merck Millipore, Burlington, MA, EUA), washed in running water and 

dehydrated using increasing concentrations of alcohol (70%, 100%, 100%). The 

counterstain of the tissue was performed in alcoholic eosin solution (Thermo Scientific), 

quickly rinsed in 100% ethanol and then twice with xylene. The sections were mounted 

using DPX mounting medium (Sigma-Aldrich) with a glass coverslip (Normax). The 

samples were analysed using the Light microscope Olympus DP 25 Camera Software 

Cell B (Histology and Electron Microscopy facility, i3S, Porto). 

 

2.12. Immunohistochemistry (IHC) 

Sections 4 μm thick were performed using a paraffin microtome Microm HM335E 

(HEMS, i3S, Porto) and transferred to coated slides (Thermofisher). The slides were 

incubated at 37 ºC overnight. Sections were deparaffinized with xylene, followed by 

dehydration in solutions of decreasing alcohol concentrations (100%, 100%, 70%) and 

then rinsed with running water to hydrate. Sections were subjected to antigen retrieval 

by placing the slides in an antigen unmasking solution of sodium citrate buffer pH 6.0 

(Sigma-Aldrich) at a ratio of 1:100, inside a water vaporizer machine at approximately 99 

ºC for 40 minutes. The slides were removed from the vaporizer machine and allowed to 

cool down at room temperature for 20 minutes, followed by two washes of 5 minutes with 

PBS 1X/0.1% Tween 20. To permeabilize the tissue and inhibit endogenous 

peroxidases, the slides were placed in a humid chamber and incubated with a 3% 

hydrogen peroxide in methanol solution (H2O2 [Sigma-Aldrich]; CH3OH [VWR]) for 15 

minutes. The slides were washed twice in PBS1X/0.1% Tween 20 as previously 

mentioned. Tissue sections were delimited with a hydrophobic pen (VECTOR 

Laboratories®), placed in the humid chamber and incubated with Ultravision Protein-

block solution (Thermofisher) for 1 hour at room temperature. Sections were incubated 

in a humidified chamber, at 4 ºC for 1 day and half with a mix of primary antibodies: anti-

mCherry (dilution 1:500), anti-eGFP (dilution 1:300), anti-phiYFP (dilution 1:300) and 

anti-mTFP (dilution 1:500) diluted in PBS1X/0.1% Tween 20. All antibodies were 

antibodies were developed and kindly provided by Cai Laboratory, University of Michigan 

Medical School, Michigan, USA. After primary antibody incubation, slides were washed 

three times with PBS1X/0.1% Tween 20 for 10 minutes. In the humid chamber, a mix of 

secondary antibodies was added to the tissue sections: anti-chicken Alexa-Fluor® 633 
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(Sigma, SAB4600127), anti-sheep Alexa-Fluor® 488 (Jackson Immunoresearch, 713-

545-003), anti-rabbit Alexa-Fluor® 546 (ThermoFisher Scientific, A10040) and anti-rat 

Alexa-Fluor® 594 (ThermoFisher Scientific, A21209), in a dilution 1:500. After overnight 

incubation, the slides were washed with PBS1X/0.1% Tween 20 as described before. 

The nucleus was counterstained with Hoechst solution (dilution 1:10 000, Thermo 

Scientific) for 15 minutes. The slides were mounted with VECTASHIELD mounting 

medium (VECTOR Laboratories®) and sealed with nail polish to prevent drying. Samples 

were stored protected from light at 4 ºC until observation at the spectral confocal 

microscope Leica TCS-SP5 AOBS (Bioimaging Center, i3S, Porto). 

 

2.13. Orthotopic injection of Mia PaCa-2 huCD63-GFP cells 

Mia PaCa-2 huCD63-GFP cells were grown under normal conditions (as described 

in 1.) up to 70-80% confluence upon which they were trypsinized. The number of cells 

and their viability was assessed using Trypan Blue Assay and a haemocytometer. A total 

of 2 x 106 cells for each animal were resuspended in NaCl 0.9% and maintained on ice 

until injection. For this procedure, three nude CBA immunodeficient mice were 

orthotopically injected in the pancreas. Before surgery, mice were weighted and 

anaesthetized by intraperitoneal administration of a ketamine/xylazine 

(125mg/kg/12.5mg/kg) solution followed by the subcutaneous administration of 

buprenorphine (0.08mg/kg). The left side of mice abdomen was sterilized with betadine 

solution and 70% ethanol. A small incision in the left abdominal flank was made and the 

pancreas tissue was exposed. The cell suspension on ice was resuspended with a 

Hamilton syringe and the needle was carefully inserted into the pancreas. The final 

volume of 12 μL containing 2 x 106 cells was slowly injected in the mouse pancreas. The 

pancreas was returned to the peritoneal cavity and the peritoneal and the skin layer were 

sequentially closed with 6-0 PGA sutures (Surgicryl PGA 6-0). After surgery, the 

anaesthetic effect was reversed through subcutaneous administration of atipamezole 

(2.5 mg/kg). During three days all mice were administered with analgesic every 12 hours. 

All mice were monitored once a week until tumor detection by palpation, after which all 

mice were monitored every other day. The tumor growth was accessed once a week 

through Micro Ultrasound Vevo 2100 (Animal Facility, i3S, Porto). 
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2.14. Statistical analysis 

Statistical analysis of the results was performed using GraphPad Prism 6 Software 

(version 6.01). One Way A-NOVA non-parametric test was used for comparison of each 

clone with the parental cell line. 

 



 
 

 

 

 
 
 
 
 
 
 
 
 
 

3. Results 
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3. Results 

 

3.1. Establishment of stable clones of the BxPC-3 msCD63-XFP 

pancreatic cancer cell lines. 

The ExoBow transgene is composed of the CD63 tetraspanin, a well described 

exosomal marker, followed by four different fluorescent reporters, mCherry, phiYFP, 

eGFP and mTFP. These reporters are flanked by different lox recombination sites that 

are excised when the Cre recombinase is present. The deletion of the lox sites in addition 

to the Flp-mediated recombination, allows the expression of one of the four fusion 

proteins CD63-mCherry, -phiYFP, -eGFP or -mTFP. Since each one of the fluorescent 

reporters is flanked by distinct lox sites, the resulting fusion protein will present a different 

linker between the CD63 and the reporter. To control for the expression and location of 

each fusion protein western blot and optical microscopy was used. With this purpose, 

each sequence of msCD63-XFP was cloned into the pRP[Exp]-Puro-CAG backbone 

vector and used to transfect the BxPC-3 cell line, a pancreatic cancer cell line (Figure 

5A).  

The BxPC-3 cells were separately transfected with the msCD63-mCherry, -phiYFP, 

-eGFP and -mTFP plasmids. Positive msCD63-XFP cells were selected using the 

antibiotic puromycin and through enrichment by flow cytometry sorting until stable clones 

were obtained. CD63-XFP expression of each clone was analysed by 

immunofluorescence and it was observed that the CD63-XFP fusion proteins localize in 

the endosomal compartment, with a speckle-like pattern inside the cell, as expected for 

endogenous CD63 protein expression (Figure 5B). This pattern of expression is identical 

to the one observed when the endogenous huCD63 of the parental cell line was analysed 

(Figure 5B). 
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Figure 5. Establishment of CD63-XFP PDAC cell lines. (A) Each fluorescent protein (mCherry, 

phiYFP, eGFP and mTFP) is fused to the C-terminal of the mouse CD63. This plasmid confers 

resistance to the antibiotic puromycin. (B) Confocal microscopy images of BxPC-3 parental cells 

immunostained against anti-human CD63 (left), and fluorescent endogenous levels of each 

BxPC-3 msCD63-XFP clone: msCD63-mCherry (red), msCD63-phiYFP (yellow), CD63-eGFP 

(green) and msCD63-mTFP (magenta). Scale bar, 10µm. 
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3.2. BxPC-3 msCD63-XFP cell lines secrete CD63-XFP positive 

exosomes.  

In order to confirm and validate the expression of color-coded CD63 in our clones, 

western blots of each BxPC-3 msCD63-XFP cell line were performed (Figure 6A). The 

predicted molecular weight for each fusion protein is around 56 kDa, which may at times 

appear as a smear due to the glycosylated nature of the CD63 protein. The results were 

confirmed using anti-CD63 antibody, as well as against the fluorescent protein, anti-

mCherry, -phiYFP, -eGFP or -mTFP, according to the respective clone. A specific band 

was detected at the expected molecular weight in all cell lines (Figure 6A). 

One aim of our work was to assess exosomes biodistribution, therefore the presence 

of CD63-XFP color-coded exosomes derived from BxPC-3 msCD63-XFP cell lines was 

analysed by western blot (Figure 6B-C). For this purpose, exosomes were isolated by 

ultracentrifugation followed by continuous sucrose gradient. This methodology allows the 

separation of exosomes from other vesicles to obtain a pure fraction of exosomes 

(Figure 6B). Exosomes float at a buoyant density between 1.1415 and 1.2025 g/cm3. 

Western blot against fluorescent reporter proteins demonstrated that all BxPC-3 

msCD63-XFP cell lines secreted color-coded exosomes (Figure 6C). It was observed 

that bands appear as smear, which represents the distinct glycosylated patterns of CD63 

protein that have been previously mentioned (Figure 6C). 
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Figure 6. BxPC-3 msCD63-XFP pancreatic cancer cell lines secrete CD63-XFP positive 

exosomes. (A) Western blot of CD63-XFP expression in BxPC-3 parental cell line (P) and BxPC-

3 msCD63-XFP cell lines (R). The predicted molecular weight for the CD63-XFP fusion protein is 

56 kDa (red arrow). Anti-mCherry, anti-eGFP, anti-phiYFP and anti-mTFP were used to identify 

CD63-XFP protein expression. β-actin was used as loading control. (B) Schematic representation 

of exosomes isolation through continuous sucrose gradient ultracentrifugation. (C) 

Representative western blot of CD63-XFP expression in exosomes from BxPC-3 msCD63-XFP 

cell lines. Individual 1 mL fractions were collected and after ultracentrifugation were loaded on 

gels for electrophoresis. Exosomes are located in fractions between 1.1415 and 1.2025 g/cm3 

density. Anti-mCherry, anti-eGFP, anti-phiYFP and anti-mTFP antibodies were used in the 

respective clone. 

 



40 
 

Moreover, it was evaluated if the overexpression of CD63 and the different lox sites 

between each fusion protein and CD63 would affect the size of secreted exosomes or 

even their amount, for each clone. Using NTA the number of exosomes was quantified 

from the culture medium of BxPC-3 msCD63-XFP cell lines (Figure 7A). It was observed 

that exosomes secretion in not altered by the msCD63-XFP fusion proteins 

overexpression and the distinct linkers between each BxPC-3 msCD63-XFP cell line do 

not affect exosomes secretion or size (Figure 7B). 

Therefore, it was demonstrated that pancreatic cancer cell lines with msCD63-XFP 

expression secrete color-coded exosomes labelled with the same fusion protein. 

 

Figure 7. Exosomes secretion is not affected by CD63 overexpression in BxPC-3 msCD63-

XFP cell lines. (A) Exosomes quantification of each clone and parental cell line was assessed 

by Nanopaticle Tracking Assay (Nanosight) after ultracentrifugation of the culture medium. (B) 

Size and number of exosomes quantification using NTA. The number of particles/mL was 

normalized to the number of cells. Results are presented in logarithmic scale. Each bar represents 

mean ratio and error bars indicates standard deviations (n=4±SD, the analysis was assessed 

using quadruples for each cell line). One Way ANOVA non-parametric test was performed among 

each clone with the parental cell line and showed non-statistical significant. 
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3.3. CD63-XFP fusion proteins co-localize with endogenous CD63. 

Once the stable clones were established, the intracellular location of the CD63-XFP 

proteins were analysed. For each BxPC-3 msCD63-XFP cell line immunofluorescence 

using anti-XFP and the human anti-CD63 antibodies was performed. It was observed 

that msCD63-XFP proteins co-localize with the endogenous huCD63 of the cell (Figure 

8). 

 

Figure 8. CD63-XFP fusion proteins co-localize with endogenous CD63. Confocal 

microscopy images of BxPC-3 msCD63-XFP cells. Immunostaining using each anti-XFP antibody 

and the anti-human CD63 antibody. The nucleus was stained with DAPI. Arrows indicate the 

examples of co-localization sites. Scale bar, 10µm. 
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3.4. BxPC-3 msCD63-XFP cells exchange color-coded exosomes. 

After confirmation that BxPC-3 msCD63-XFP cells secreted CD63-XFP labelled 

exosomes to the extracellular space, and that CD63-XFP was being expressed in the 

expected intracellular region of the cell, it was further analysed if the different clones 

communicated between them through CD63-XFP positive vesicles. Therefore, a 96 

hours co-culture of BxPC-3 msCD63-mCherry with each remaining clone: msCD63-

eGFP, -phiYFP or -mTFP was performed. Live cell imaging acquisition was performed 

by confocal microscopy (Figure 9). All cells secreted fluorescently labelled exosomes 

that travel to recipient cells. In case of the BxPC-3 co-culture of msCD63-mCherry with 

msCD63-eGFP cells it was observed that mCherry positive exosomes travel to the 

BxPC-3 msCD63-eGFP cells (Figure 9A). While in the BxPC-3 co-culture of msCD63-

mCherry with msCD63-phiYFP or with msCD63-mTFP, the phiYFP and mTFP positive 

exosomes communicate with the BxPC-3 msCD63-mCherry recipient cells (Figure 9B-

C).  These results show that BxPC-3 msCD63-XFP cells exchange information between 

them through exosomes. Despite this observation, the amount of communication 

identified between the clones was limited. Not only that, as it appears not to occur 

randomly, since the same clone might communicate or not depending on which clone it 

is in contact with. Since mouse and human CD63 protein sequence similarity is only 

79.41%, at this point we wondered if this could be interfering with the amount of 

communication detect. Therefore, the communication between the BxPC-3 msCD63-

XFP cells with human pancreatic cancer cells stably expressing the human plasmids 

huCD63-eGFP or huCD81-Tomato was analysed. BxPC-3 huCD63-eGFP and BxPC-3 

huCD81-Tomato cell lines were previously developed and validated in the lab to produce 

and exchange color-coded exosomes. Therefore, distinct co-cultures were performed of 

the different BxPC-3 clones: msCD63-mCherry with huCD63-eGFP (Figure 10A), 

msCD63-phiYFP with huCD81-Tomato (Figure 10B), msCD63-eGFP with huCD81-

Tomato (Figure 10C) and msCD63-mTFP with huCD81-Tomato (Figure 10D). Using 

confocal microscopy, it was observed in the majority of the co-cultures the exchange of 

color-coded exosomes between cancer cells. Nevertheless, the pattern of 

communication was different between the different cells. The most striking observation 

is that cells expressing the human version of the tagged CD63 communicate with other 

cells more frequently while the exosomes with the mouse CD63 proteins communicate 

less. For instance, BxPC-3 huCD63-eGFP cells secreted more exosomes that 

communicate with the msCD63-mCherry cells (Figure 10A). Similar observations were 

made on the BxPC-3 msCD63-eGFP with huCD81-Tomato co-culture (Figure 10C). 

However, in the case of the BxPC-3 co-culture huCD81-Tomato with msCD63-phiYFP 
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(Figure 10B) or with msCD63-mTFP cells (Figure 10D) the flow of exosomes between 

the cancer cells was lower. Particularly, BxPC-3 huCD81-Tomato and BxPC-3 msCD63-

phiYFP demonstrated mutual communication, with different recipient cells receiving 

huCD81-Tomato and msCD63-phiYFP positive exosomes (Figure 10B). 

Figure 9. BxPC-3 msCD63-XFP cells communicate via exosomes. Confocal microscopy 

images of 96 hours live co-culture of BxPC-3 msCD63-mCherry cell line with one of the BxPC-3 

msCD63-XFP clones: (A) msCD63-eGFP, (B) msCD63-phiYFP or (C) msCD63-mTFP (ratio 1:1). 

Arrows indicate examples of exosomes that flew from the donor cell to the recipient cell. Scale 

bar, 50µm (left) and 20µm (right).  
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Figure 10. BxPC-3 msCD63-XFP cells communicate with BxPC-3 huCD63-eGFP and BxPC-

3 huCD81-Tomato cell lines. Confocal microscopy images of 96 hours live BxPC-3 co-culture 

of (A) msCD63-mCherry cell line with huCD63-eGFP cell line; (B) msCD63-phiYFP cell line with 

huCD81-Tomato cell line (C) msCD63-eGFP cell line with huCD81-Tomato cell line; or (D) 

msCD63-mTFP cell line with huCD81-Tomato cell line (ratio 4:1). Arrows indicate examples of 

exosomes that flew from the donor cell to the recipient cell. Scale bar, 50µm (left) and 20µm 

(right). 
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Having into consideration these results we have started to transduce the KPC cell 

line with the msCD63-XFP plasmids. This cell line derives from a PDAC tumor of a KPC 

mouse and therefore should be the best model for the in vitro experiments. The KPC 

msCD63-mCherry and -eGFP clones are already established (Figure 11). The 

establishment of the remaining msCD63-XFP clones is ongoing. Of note, at the time we 

started this work the lab did not have the cell line available yet. 

Figure 11. Establishment of CD63-XFP mouse PDAC cell lines. Flow cytometry (left panel) 

analysis and representative images by confocal microscopy (right panel) of the (A) KPC msCD63-

mCherry and (B) KPC msCD63-eGFP clones. Scale bar, 20µm. 

 

3.5. Intrahepatic implantation of liver and lung metastasis from KPC-

ExoBow mice to determine the ExoMet. 

The KPC-ExoBow mice is a GEMM developed by the lab. The multireporter mouse 

spontaneously develops pancreatic cancer and produces color-coded pancreas derived 

exosomes. The labelled cells and its derived exosomes allow the study of exosomes 

communication and biodistribution during disease progression. The main objective of this 

project is the identification of the biodistribution of exosomes derived from the 
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metastasis. For this purpose, we used the KPC-ExoBow and waited until the animal 

showed signs of discomfort and the humane endpoint was reached to euthanize it, which 

is on average 25 weeks of age (Figure 12A). At time of euthanasia the lung and liver 

metastasis were collected as well as the primary tumor (Figure 12A-B). The cancer cells 

were sorted using FACS to detect fluorescent cells in the liver and lungs. The positive 

cells were collected and injected orthotopically in the liver or lungs in syngeneic wild-type 

mice. Overall, 5 KPC-ExoBow mice were euthanized and in those in which we observed 

metastasis macroscopically, it was injected orthotopically in the liver of 7 wild-type mice, 

by intrahepatic injection, and in the lung of 2 wild-type mice, by tail vein injection (Figure 

12C). The number of cells injected were dependent of the number and size of the original 

metastasis as well as the number of viable cells upon sorting. All of the euthanized 

animals had a tumor in the pancreas (Figure 12B and 13). We could detect liver or lung 

macrometastasis in only 4 KPC-ExoBow mice. The PDAC tumors are characterized by 

a strong desmoplastic reaction with fibroblasts infiltration and deposition of extracellular 

matrix (Feig et al. 2012). Histology of the primary tumor, liver and lung from the KPC-

ExoBow demonstrated the PDAC histopathologic phenotype (Figure 13). The tumors 

predominantly have stroma, and it was also noted some necrotic tissue due to their size, 

while the amount of cancer cells was low (Figure 13). Using FACS the CD63-phiYFP, -

eGFP and -mTFP positive cancer cells from the metastasis were collected. From the 

same animal it was obtained liver metastatic cells or lung metastatic cells or both (Figure 

10). A very small part of the liver or lung was collected for histology and it was possible 

to identify micrometastasis in some animals (Figure 13). The primary tumor from each 

KPC-ExoBow animal also demonstrated a small percentage of color-coded cancer cells 

when analysed in FACS (Figure 14). These results were confirmed by 

immunofluorescence of the tumor tissue using antibodies against the four fluorescence 

proteins (Figure 15). Despite the low amounts of positive cells, it was possible to identify 

CD63-eGFP and -mTFP cancer cells in the tumor. The KPC-ExoBow negative for the 

flippase allele (Pdx-1flp/+) was used as control. 

In general, we observed that all KPC-ExoBow mice hac color-coded cells in the 

primary tumor and in the metastatic sites but in very small percentages. Consequently, 

the number of metastatic cancer cells injected intrahepatic or tail vein were very limited, 

therefore, in order to obtain a considerable growth of the injected cells several animals 

need to be performed and the timeline of the experiments extended. This work is still 

ongoing in the lab. 
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Figure 12. KPC-ExoBow mouse model in the ExoMet. (A) Schematic representation of the 

procedure for the collection and orthotopic injection of metastatic cells from liver and lung 

metastasis of the KPC-ExoBow mouse model (B) Representative image of KPC-ExoBow 

pancreatic tumor and liver. Arrows indicate liver macrometastasis. (C) Summary table of the total 

KPC-ExoBow mice euthanized, respective number of lung and liver metastasis and the number 

of cells injected in wild-type mice. 
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Figure 13. KPC-ExoBow organs histology. Representative H&E images from the 5 KPC-

ExoBow and the control, the KPC-ExoBow flippase negative. Primary tumor (left panel), liver 

(middle panel) and lung (right panel). Liver metastasis (dashed white line) and lung metastasis 

(dashed black line) are delineated. Scale bar, 200µm. 
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Figure 14. Flow Cytometry analysis of KPC-ExoBow primary tumor, liver and lung. Tumor, 

liver metastasis and lung metastasis were collected from KPC-ExoBow mice and sorted using 

FACS. The CD63-eGFP, CD63-phiYFP and CD63-mTFP positive cells were collected and 

orthotopically injected in wild-type animals. A total of 5 KPC-ExoBow mice euthanized. KPC-

ExoBow flippase negative was used as control. 
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Figure 15. KPC-ExoBow primary tumor expresses CD63-XFP fluorescent proteins. Confocal 

microscopy images of a KPC-ExoBow primary tumor. Immunofluorescence against the four 

fluorescent proteins mCherry, phiYFP, eGFP and mTFP. Cell nucleus counterstained with DAPI. 

Representative image from “normal tissue” (no-histological disease, white), pancreatic precursor 

lesions (orange) and adenocarcinoma (green). Scale bar, 100µm and 50µm. 
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3.6. Orthotopic injection of Mia PaCa-2 huCD63-eGFP pancreatic cancer 

cells. 

Since the GEMMs take several months for the disease to progress, we decided to 

use also a human pancreatic cancer cell line that stably expresses huCD63-eGFP, the 

Mia PaCa-2 cell line (Figure 16A). This cell line was established and previously validated 

in the lab. FACS analysis demonstrated 91.6% positive huCD63-eGFP cells. We 

orthotopically injected 1x106 Mia PaCa-2 huCD63-eGFP cells in the pancreas of nude 

CBA immunodeficient mice (Figure 16B). The aim was to euthanize the animals when 

the tumor reached a volume between 1000 and 1500 mm3 to collect the macrometastasis 

from the liver and lung, sort the eGFP positive cells by FACS, and inject them in another 

nude CBA animal (Figure 16B). The approach is the same used for the KPC-ExoBow 

mice. The tumor growth and volume were monitored using the ultrasound technique from 

the moment a palpable mass was detected (Figure 16C). Tumor volume was measured 

weekly and increased at an exponential rate as expected (Figure 16D). At the moment 

we have euthanised one animal, which presented macrometastasis in the liver. 

Interestingly, despite the fact that the primary tumor is in fact FITC positive by flow 

cytometry analysis (cancer cells were >90% huCD63-eGFP positive) the metastasis had 

no color whatsoever, and therefore these cells were not re-injected in another animal as 

initially planned (Figure 16E). We have injected a total of 3 animals and euthanised only 

one until now.  
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Figure 16. Orthotopic injection of Mia PaCa-2 huCD63-eGFP cells in the pancreas. (A) The 

eGFP fluorescent protein is fused to the C terminal of the human CD63. In the Mia PaCa-2 

huCD63-eGFP clone, 91,6% of the cells were eGFP positive (B) A total of 1x106 Mia PaCa-2 

huCD63-eGFP cells were orthotopically injected in the pancreas of 3 nude CBA mice. After tumor 

implantation and growth animals are euthanized and metastasis from the lung and liver are 

collected, sorted and injected in receiving mice. (C) Representative timeline of ultrasound tumor 

growth monitoring of a pancreas orthotopically injected animal with Mia PaCa-2 huCD63-eGFP 

cells. (D) Tumor volume (mm3) was measured through ultrasound since 3 weeks post surgery. 

Each line represents a different animal. (E) Flow cytometry analysis of the primary tumor, liver 

and lung from the FE mouse orthotopically injected with Mia PaCa-2 huCD63-eGFP cells, for the 

presence of eGFP positive cells.
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4. Discussion 

In the last decade, exosomes were described has being important mediators of 

communication between different cells in a vast subset of biological processes from 

healthy to pathological contexts (De Toro et al. 2015). Moreover, cancer exosomes 

appear to mediate the communication between the tumor and its microenvironment 

(Silva and Melo 2017). It has also been shown that cancer cells release exosomes 

capable of exchanging information with the surrounding area of the tumor which 

influences tumor growth and proliferation, as well as invasion to other organs, where the 

metastasis is established. Exosomes seem to pave the road that cancer cells follow 

during the metastatic process until the secondary host-organ, with the sole function to 

prepare the new environment to receive the incoming cancer cells (Peinado, Lavotshkin, 

and Lyden 2011). In pancreatic cancer, it was already shown that exosomes are 

responsible for the formation of a metastatic niche in the liver and for the increased liver 

metastatic burden (Costa-Silva et al. 2015). Indeed, the role of tumor exosomes during 

disease progression and metastasis has been extensively addressed. However, if and 

how exosomes derived from metastasis influence the metastasis survival and growth is 

still an unexplored field. To address this question, we have delineated a series of 

experiments to determine if metastasis exosomes communicate with other cells of the 

host-organ and also other organs. This information can then be further dissected to 

determine what is the role of this communication in metastasis.  

CD63 is a tetraspanin characterized by four transmembrane (TM) domains with a 

short N and C terminal tail, a small extracellular loop between TM1 and TM2 region, a 

small intracellular loop between TM2 and TM3 region, and a large extracellular loop 

between TM3 and TM4 (Hemler 2005). Tetraspanins are one of the most commonly 

proteins found in exosomes which also follow the endosomal system (Pols and 

Klumperman 2009). In general, endocytic vesicles fuse with early endosomes, which 

contain ILVs that bud into MVBs. CD63 protein is internalized in ILVs. After maturation, 

MVBs can be sorted to the lysosomal complex or can fuse with the plasma membrane 

and release exosomes into the extracellular environment. CD63, among other 

tetraspanins including CD81, CD82, CD9 are considered exosomal markers (Théry, 

Zitvogel, and Amigorena 2002). Preliminary data acquired in the lab demonstrated that 

CD63 overexpression in a human pancreatic cancer cell line orthotopically implanted in 

the pancreas does not alter primary tumor growth kinetics when compared to CD81 or 

CD82. Nonetheless, the data collected from the KPC-ExoBow model raises some doubts 

about this phenomenon in a GEMM model of PDAC. The low percentages of color in the 
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tumors that were identified in the KPC-ExoBow mice can indicate one of two scenarios: 

one is that the recombination levels driven by flippase are not being efficient in our animal 

model (the allele driving flippase is the Pdx1-Flp); or that the overexpression of the CD63 

protein is impairing growth of cancer cells in which recombination has occurred. In fact, 

overexpression of CD63 in vivo was shown to suppress tumorigenesis in athymic nude 

mice injected with human melanoma cells overexpressing CD63 (Hotta et al. 1991). The 

same was not seen in the preliminary results of the lab, in which a pancreatic cancer cell 

line overexpressing CD63 (Mia PaCa-2) did not show any alteration in the kinetics of 

growth of the primary tumor when compare to the parental cell line. We understand that 

this data, since it was performed in one cell line only, might not reflect the real role of 

CD63 in pancreatic cancer, which in fact we believe is what we are observing in the KPC-

ExoBow. To address this question, and to overcome the limited number of cancer cells 

with color that the model has, the lab is developing the same KPC-ExoBow animal but 

inducible, in which the Pdx1-Flp allele is being replaced by the Rosa-LSL-FlpoERT2 

allele, the KPC-iExoBow. In this scenario the mice will spontaneously develop PDAC as 

the KPC mouse model, with no CD63 overexpression, and some days before euthanasia 

mice will be treated with tamoxifen. Upon tamoxifen treatment, the ERT2 receptor is 

activated and the FlpoERT2 travel to the nucleus where it drives the expression of the 

ExoBow transgene, and therefore the overexpression of the color-coded CD63 proteins. 

The inducible system has shown to be efficient with other models in the lab, showing 

good recombination levels. In this way the overexpression of a protein that might affect 

disease progression is avoided since the aim is to merely tag exosomes with color. In 

this way, it is expected that the KPC-iExoBow mice have a significantly higher 

percentage of cancer cells with color as well as the metastasis. 

Up until now, our results show that the distinct mouse CD63 fusion proteins (CD63-

XFP) present an intracellular location in the endosomal area of the cell with a speckle-

like pattern. This pattern of expression is identical to the one observed for the 

endogenous CD63 in the BxPC-3 parental cell line. This pattern and location indicate 

that the fusion protein is following the endocytic pathway, and therefore, could be 

included into exosomes. These results were supported by western blot analysis of BxPC-

3 msCD63-XFP-derived exosomes isolated by sucrose gradient. Also, in the cells, the 

western blots for the four cell lines using an anti-XFP antibody that detects the mCherry, 

phiYFP, eGFP or mTFP, or an CD63 anti-mouse antibody detected a band with the 

molecular weight expected for the fusion protein, regardless of the antibody used. Bands 

are not detected in the parental cell line confirming the expression of CD63-XFP in all 

clones. When using CD63 anti-mouse antibody, we do not detect a band in the parental 
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cell line because the antibody used is specific for mouse species and the cell lines are 

of human origin. In all western blots, either for cells or exosomes, we always observed 

bands at higher molecular weights as it was expected. These bands can correspond to 

post-translation modifications that occur in the CD63 fusion proteins. In fact, CD63 has 

two glycosylation sites in the large extracellular membrane portion, which makes them a 

target for glycosylation (Pols and Klumperman 2009). Additionally, using NTA it was also 

shown that levels of exosomes secreted from each BxPC-3 msCD63-XFP clone are 

similar between them. Using One Way ANOVA test, there is no statistical significance 

between each clone and the parental cell line in terms of numbers or size of the secreted 

exosomes. In sum, we have clearly demonstrated that independently of the identity and 

length of the linker amino acids generated by recombination of the lox sites between 

CD63 and the fluorescent reporter, the cells secrete CD63-XFP color-coded exosomes. 

Having in mind these results, we next evaluated the communication between BxPC-

3 msCD63-XFP cells. It is known by the literature that these vesicles can travel to local 

or distant sites where they deliver their content to recipient cells. Co-cultures of BxPC-3 

msCD63-XFP clones demonstrated that exosomes flow between clones because we 

could identify double positive cells. Despite the positive results, the frequency of this 

communication is significantly less than it was initially expected. Because this result 

could be due to the fact that CD63 in the ExoBow transgene is from mouse background, 

and somehow this, despite not affecting their secretion from cells, would affect their 

uptake by recipient cells, co-cultures with the mouse clones (msCD63-XFP) and two 

human clones (huCD63-eGFP and huCD81-Tomato) were performed. Indeed, it was 

possible to determine that, despite the ratio of cells used being 4:1, msCD63-XFP and 

huCD63-eGFP or huCD81-Tomato, respectively, exosomes from the human clones 

could easily be detected in the mouse CD63-XFP clones, hinting for the possibility that 

in fact the low communication frequency previously observed is due to the protein being 

of mouse origin. One other possible explanation could be that the mechanisms of uptake 

by cells do not recognize this protein and exosomes are not internalized, or they might 

be fast degraded once inside the cells. Nonetheless, the exact same clone when in 

contact with two different clones (mouse or human) behaves in distinct ways supporting 

the idea that the communication through exosomes is not a random process. All these 

possibilities are currently being tested in the lab, and a KPC mouse cell line is currently 

being used to test the mouse CD63-XFP proteins. 

Finally, as a complementary method to the KPC-ExoBow mouse, an orthotopic 

model with the human Mia PaCa-2 huCD63-eGFP pancreatic cancer cell clone was 

used. This clone had been previously established in the lab and presented with 91.6% 
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of CD63-eGFP positive cells. Despite very preliminary, the data collected on the first 

euthanised animal is very interesting and complements well with the KPC-ExoBow data. 

When the animal was euthanised, some small macrometastasis in the liver were 

observed. Nonetheless, upon analysis of the metastasis we were able to conclude that 

metastatic cancer cells do not have color. If this data is confirmed on the rest of the 

animals to be euthanised, it might indicate that overexpression of CD63, despite not 

altering primary tumor growth rate in orthotopic models using cell lines, it impairs 

metastasis. Indeed, a correlation between higher levels of CD63 and lower cell motility 

and metastatic capacity of cancer cells was already observed in in vitro studies (Radford, 

Thome, and Hersey 1997; Jang and Lee 2003). The second hypothesis would be that 

for cancer cells to metastasize they silence CD63 by epigenetic mechanisms. All of these 

hypotheses are currently being tested. 
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5. Conclusion and Future Perspectives 

The data gathered in this thesis has made an important contribution to determine that 

CD63-XFP proteins produced by the ExoBow transgene are indeed secreted in 

exosomes. Most importantly, that the assessment of the biodistribution of exosomes, by 

the primary tumor or by the metastasis as initially planned, will need to be determined 

using an inducible model in which the overexpression of the CD63-XFP proteins only 

occurs few days before euthanasia. Based on these results, that model is currently being 

developed. Most interestingly, the data generated by this thesis has also unravelled a 

possible role of the CD63 protein in PDAC pathogenesis, which could be further 

dissected. 
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