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Abstract 

Exosomes (Exos) are nano-sized extracellular vesicles (EVs) which are 

secreted by various cell types including tumor cells. The potential usage of Exos 

(EVs) as delivery vehicles particularly to tumor is promising and increasingly 

expanding due to their credentials, such as in vivo stability due to their endogenous 

origin, their innate ability to carry macromolecules to target cells, the presence of a 

set of uptake-related surface proteins on their surface which can also be engineered 

for targeting specific cell types. Although these characteristics reveal the 

preponderance of cancer cell-derived Exos (EVs) as drug delivery system to tumor, 

many challenges for that emerging field still exist. For instance, the low yield of 

secreted Exos (EVs), uncertain uptake mechanism, unpredictable Exo (EV) 

biodistribution and poor specific cell-targeting of systemically administered Exos 

(EVs) hinders their implementation in tumor targeting delivery. Hence, the aim of this 

research was to try to overcome such hurdles. 

To increase Exo yield, I attempted to stimulate tumor cells via the addition of 

liposomes in vitro. Neutral-, cationic-bare or PEGylated liposomes were incubated with 

four different tumor cell lines. The stimulatory effect of liposomes on Exo secretion and 

cellular uptake propensity of the collected Exos by autologous cells or allogeneic cells 

was evaluated. Both neutral- and cationic-bare liposomes enhanced Exo secretion in a 

dose-dependent manner. Fluid cationic liposomes provided the strongest stimulation. 

Surprisingly, the PEGylation of bare liposomes diminished Exo secretion. Exos 

harvested in the presence of fluid cationic liposomes showed increased cellular uptake, 

but solid cationic liposomes did not.  

Then, to see if the incubation of cells with liposomes would change the 

biological properties of these Exos, I investigated the surface proteins and the uptake 
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mechanism of the harvested Exos. Interestingly, Exos induced by solid cationic 

liposomes lacked some major exosome marker proteins such as CD9, flotillin-1, 

annexin-A2 and EGF, and subsequently showed lower levels of cellular uptake upon re-

incubation with donor cancer cells. However, Exos induced under normal condition and 

by fluid cationic liposomes, displayed the entire spectrum of proteins, and exhibited 

higher uptake by the donor cancer cells. Although endocytosis was the major uptake 

pathway of Exos by tumor cells, endocytosis could occur via more than one mechanism. 

Higher Exo uptake was observed in donor cells than in allogenic cells, indicating that 

donor cells might interact specifically with their Exos and avidly internalize them. 

Later on, to enhance Exos circulation time and hence their tumor accumulation, 

PEGylation of Exos was conducted. Then, the biodistribution of intravenously injected 

PEGylated Exos, namely autologous C26-Exos and allogeneic B16BL6-Exos, were 

evaluated in C26 tumor bearing mice. Both Exos were remarkably accumulated in the 

tumor tissue. In addition, the tumor accumulation of autologous Exos was more 

predominant than that of allogeneic Exos. In addition to the detected Exo uptake by 

tumor cells, their uptake by certain tumor-infiltrating immune cells was observed. The 

uptake of autologous Exos by tumor-associated macrophages (TAMs) and T cells was 

more prominent than allogeneic Exos, while no significant difference was noticed 

between the uptake propensities for both Exos types by tumor-infiltrating dendritic cells 

(DCs) and B cells. 

Overall, the obtained findings indicate that the physicochemical properties of 

liposomes determine whether they will act as a stimulant or as a depressant on Exo 

secretion from tumor cells. In addition, liposomes of varying physicochemical 

properties might control the characteristics of secreted Exos such as the expression of 

Exos proteins and Exos uptake. Finally, PEGylated autologous cancer cell-derived Exos 
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can be a promising delivery platform to target tumor cells as well as tumor-infiltrating 

immune cells and that may be fruitfully exploited in cancer therapeutics and diagnostics.  
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Background and rationale 

Drug delivery systems (DDS) with nanoparticles have been exploited to 

improve the delivery of therapeutic agents to the target cell or tissue or organ. DDS 

have been widely investigated and have shown a breakthrough in the treatment 

strategies of numerous diseases. However, due to the unavoidable side effects of the 

artificial DDS, trials to develop alternative natural DDS have been tremendously 

evolved (Tominaga et al., 2015). One of the potential natural DDS is extracellular 

vesicles (EVs) which are mainly classified into three groups; exosomes (Exos), 

microvesicles and apoptotic bodies. Such classification depends on vesicle size and 

biogenesis (Barile and Vassalli, 2017). Exos are homogenous vesicles which their 

size varies from 30 nm to 150-200 nm and have specific surface markers (CD9, CD63, 

CD81 and TSG101). These vesicles are formed within endosomes and released from 

these endosomes after their maturation and fusion with cell plasma membrane 

(Hannafon and Ding, 2013; Whiteside, 2017). While, microvesicles, also called 

microparticles or shedding vesicles, are heterogeneous vesicles (200-1000 nm) and 

are generated by direct budding or shedding from cell plasma membrane (Whiteside, 

2017). The last class is apoptotic bodies which are larger (1000-5000 nm) and 

produced during cell death by fractionation or karyorrhexis of cell content 

(Whiteside, 2017). These classes can be isolated via differential centrifugation at 

approximately 2,000, 10,000 and 100,000 x g for apoptotic bodies, microvesicles and 

Exos respectively (Barile and Vassalli, 2017). These natural nanoparticles, EVs 

(Exos), have lipid bilayer structures composed of proteins, lipids and RNAs 

(Keerthikumar et al., 2016). This unique structure reflects the versatility in the 

potential implementations of these natural DDS for fitting with various therapeutic 

targets. 
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Exos can be harnessed in drug delivery for different diseases, particularly in 

cancer therapy. Exos have several characteristic credentials as drug delivery carriers 

(Johnsen et al., 2014; Stremersch et al., 2016; Vader et al., 2016; Jiang and Gao, 

2017; Lu et al., 2017), for example;   

1) Mediating cell – cell communications, they are released from one cell and 

taken up by another cell. 

2) Their innate ability to transfer their cargo (proteins and RNA molecules) to 

the recipient cell indicates their potential use in delivering various types of 

therapeutic agents. 

3) Their endogenous origin is supposed to mitigate their removal by the immune 

system; they can be isolated from the biological fluids of the patient and then 

injected to the same patient to deliver different therapeutic agents. 

4) Their ability in targeting specific cell or tissue via their surface proteins (cell 

or tissue tropism). 

5) Their in vivo stability in blood circulation. 

6) Their ability in crossing biological barriers such as blood brain barrier (BBB). 

7) Their nano size is also supposed to reduce their detection by the immune 

system and in addition to enhance their accumulation in tumors via enhanced 

permeation and retention effect (EPR). 

8) Having surface proteins (tetraspanins, integrins, etc) which contribute to their 

release, cellular uptake and targeting. 

9) The amenability for engineering their cargo or surface characters expands 

their versatility. 

10) The ability to protect their cargo against degradation. 

11) Reasonable storage condition.  
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Accordingly, Exos have been exploited in different therapeutic 

implementations for different diseases such as cancer, neurological and inflammatory 

disorders. For cancer, several researchers have investigated Exos as drug delivery in 

cancer therapy either in unmodified form or bioengineered with specific ligands (such 

as GE11, iRGD) to deliver chemotherapeutic agents (such as paclitaxel and 

doxorubicin) or nucleic acids (such as miRNA and siRNA) to target tumor (Ohno et 

al., 2013; Y. Tian et al., 2014b; Kim et al., 2016; Kamerkar et al., 2017). For 

instance, intravenously administered mesenchymal stem cell-derived Exos showed a 

long-circulating property via expressing CD47 which reduced Exo clearance by 

phagocytes and accordingly had a predominant ability in delivering siRNA to 

pancreatic tumor, compared to liposome (Kamerkar et al., 2017). Similarly, 

intravenously administered GE-11 positive Exos substantially delivered miRNA to 

EGFR- expressing cancer cell (Ohno et al., 2013). Another example, intravenously 

administered iRGD-Exos had the ability to deliver doxorubicin to integrin-expressing 

cancer cells (Y. Tian et al., 2014b). Furthermore, intranasally administered paclitaxel 

containing Exos could prominently suppress pulmonary metastases in mice (Kim et 

al., 2016).  

While, due to Exos are the predominant ability of Exos to cross BBB, 

unmodified or bioengineered Exos have been exploited in delivering therapeutic 

agents (such as siRNA, antioxidants and  anticancers) to the brain for treating 

different diseases (such as Alzheimer’s, Parkinson’s, other brain-inflammatory 

disorders and brain cancer) (Alvarez-Erviti et al., 2011; Zhuang et al., 2011; Haney 

et al., 2015; Yang et al., 2015). For example, Doxorubicin-encapsulated Exos could 

cross BBB and suppress the growth of brain tumor after their injection into the blood 

circulation of zebrafish model (Yang et al., 2015). Another example, intranasally 
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administered catalase-encapsulated Exos could cross BBB and target neurons treating 

the inflammatory activities in Parkinson’s disease mouse model (Haney et al., 2015). 

Similarly, intranasally administered curcumin-encapsulated Exos had the ability to 

cross BBB and relieve brain inflammatory activities in an induced inflammation 

mouse model (Zhuang et al., 2011). Intravenously administered RVG-Exos crossed 

BBB and successfully delivered siRNA to brain (Alvarez-Erviti et al., 2011). 

Besides Exo implementation in gene and drug delivery, Exos have been 

extensively studied for their use in immunotherapy. Exos have been employed in 

cancer immunotherapy (cancer vaccine) via loading Exos with tumor peptide or 

antigen to elicit immunostimualtory effects against tumor growth. These Exos have 

shown a remarkable success in immune stimulation with better stability and 

biocompatibility, compared to conventional non-cell and cell based strategies (Bell et 

al., 2016). Dendritic cell-derived Exos (DEX) and tumor cell-derived Exos (TEX) are 

the common examples for Exo implementation in cancer immunotherapy (Chaput et 

al., 2005; Tan et al., 2010). Exos secreted by immature dendritic cells (DCs) loaded 

with tumor peptide have predominant ability to suppress tumor growth, compared to 

DCs (Zitvogel et al., 1998). The tumor suppression by peptide-loaded DEX occurred 

by activating cytotoxic T lymphocytes via transferring immunostimualtory peptides 

to DCs (Andre et al., 2004) or via combining these DEX with Toll-like receptor 3 

and 9 ligands (Chaput et al., 2004) or immunopotentiating drug (cyclophosphamide) 

(Taieb et al., 2006). Similarly, in spite of the role of TEX in tumor progress and 

metastasis, TEX have the ability to activate cytotoxic T lymphocytes via presenting 

tumor antigens to DCs (Wolfers et al., 2001; Tickner et al., 2014; Whiteside, 2016). 

Accordingly TEX can be adopted in cancer immunotherapy. It is noteworthy that 
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Exos have been investigated in clinical trials for cancer therapy (Tan et al., 2010; El 

Andaloussi et al., 2013; J. Wang et al., 2016a). 

Despite of these promising implementations of Exos, several challenges and 

limitations embarrass this growing field (Johnsen et al., 2014; Stremersch et al., 

2016; Vader et al., 2016; Doeppner et al., 2017; Jiang and Gao, 2017; Lu et al., 

2017), such as; 

1) The low yield of Exos, thus finding scalable isolation approach is of utmost 

importance and challenging. 

2) Lacking complete and sufficient understanding of Exo biogenesis, secretion 

and uptake.  

3) Their poor pharmacokinetics and biodistribution, particularly poor tumor 

targeting. Exos have a short half-life with prominent uptake by mononuclear 

phagocyte system (liver and spleen) in spite of their endogenous origin and 

nano size. 

4) Low loading efficiency of Exos using the current loading techniques such as 

transfection, incubation, electroporation and sonication. Thereby, a further 

modification in these methods or developing new ones is of utmost necessity. 

5) Finding a preferential type of donor cell, particularly for clinical use, 

mesenchymal cells and immature dendritic cells are the common candidates, 

but that growing field requires more versatility in the number of available 

donor cells. 

 To address these hurdles, dedicated efforts of researches have been devoted. 

For example, to increase the quantity of the collected Exos (EVs), various strategies 

have been studied (Narayanan et al., 2013; Riches et al., 2014; J. Li et al., 2015; 

Atienzar-Aroca et al., 2016; Patel et al., 2017; Vulpis et al., 2017). It was found 
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that the cell density of cell culture and Exo collection frequency has a great impact on 

the yield of Exos (Patel et al., 2017). The decrease in cell density and multiple Exo 

collection per the same cultured cells result in an increase in the secretion of similar 

Exos (Patel et al., 2017). Probably, Exo secretion is regulated by an unknown 

feedback mechanism due to the Exos already secreted and existed extracellularly 

(Riches et al., 2014) and thereby removing these secreted Exos by frequent collection 

will lead to enhance Exo release (Patel et al., 2017). The incubation time is found to 

control the quantity of the isolated Exos as indicated by Narayanan et al. who indicate 

that the 5-day-incubation results in a higher Exo yield than 1- or 2-day-incubation 

(Narayanan et al., 2013). Furthermore, cell cultured under a stress factor has been 

investigated to expand Exo secretion. Retinal pigment epithelium cells cultured under 

an oxidative stress produces higher quantities of Exos (Atienzar-Aroca et al., 2016). 

Similarly, Genotoxic stress of anticancer agent, melphalan, enhances multiple 

myeloma cells to secrete Exos (Vulpis et al., 2017). In addition, the characters of the 

culture medium have affected the extent of Exo (EV) secretion. Using serum-free 

medium enhances the release of Exos (EVs) of varying composition, compared to 

conventional culture medium (J. Li et al., 2015).  

Another hurdle is the uncertain uptake mechanism of Exo internalization by 

different recipient cells. To address such issue, potential uptake pathways of Exos 

have investigated. It has been shown that Exo internalization into recipient cells is an 

energy-dependent process and Exos can enter the recipient cells via direct membrane 

fusion and/or endocytosis (Fig. 1.1) (Fitzner et al., 2011; Fruhbeis et al., 2013; 

Mulcahy et al., 2014; McKelvey et al., 2015; French et al., 2017). Endocytic 

pathways include clathrin-mediated endocytosis (CME), caveolin-dependent 

endocytosis (CDE), lipid raft -mediated endocytosis, macropinocytosis and 
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Figure. 1.1. Different pathways of Exo uptake  

The figure shows potential uptake mechanisms of Exos and is reproduced 

from an article of (Mulcahy et al., 2014) which is an Open Access article distributed 

under the terms of the Creative Commons Attribution-Noncommercial 3.0 Unported 

License, permitting all non-commercial use, distribution, and reproduction in any 

medium, provided the original work is properly cited. License URL: 

https://www.tandfonline.com/action/showCopyRight?scroll=top&doi=10.3402%2Fje

v.v3.24641 
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phagocytosis (Conner and Schmid, 2003; Doherty and McMahon, 2009; Svensson 

et al., 2013; T. Tian et al., 2014a). However, no consensus is pointed for the type 

and the number of pathways driving Exo uptake and whether other factors are 

involved in Exo uptake such as the composition of Exos, donor cells and recipient 

cells. 

Biodistribution and pharmacokinetics of Exos are critical parameters for 

developing an efficient Exo-based DDS for different disease, especially cancer. 

Intravenously administered Exos have a short half-life because Exos are rapidly 

cleared from blood circulation via mononuclear phagocyte system (MPS) (Takahashi 

et al., 2013; Lai et al., 2014; T. Smyth et al., 2015). Unmodified Exos have a poor 

tendency to target tumor cells after intravenous injection into the blood circulation of 

tumor-bearing mice (T. Smyth et al., 2015). Accordingly, Exo engineering has been 

evolved to overcome such short circulation time and poor tumor targetability (Vader 

et al., 2016; Barile and Vassalli, 2017).  

Taken together, the field of Exos as drug delivery systems is increasingly 

growing depending on the intriguing characteristics of Exos such as the presence of 

surface proteins, cell tropism, innate ability in transferring proteins and mRNAs 

between cells, endogenous origin, in vivo stability and nano size. Despite the 

expected predominance of cancer derived Exos in targeting tumor, many limitations 

for this promising filed are exist such as the low yield, loss of consensus on the 

mechanism driving Exo internalization into cells and poor tumor targeting. The 

objective of this thesis, therefore, was to overcome such limitations via introducing a 

novel strategy to expand Exo yield from cancer cells using co-incubation with 

liposomes, studying different uptake pathways of Exos and PEGylation of autologous 

Exos to increase their accumulation in tumor tissue. 
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2.1. Background 

Exo enrichment is a challenging task limited by many factors such as the poor 

purity and small quantity of isolated Exos and the low Exo secretion from donor cells. 

Thereby, many isolation methods are currently developed overcome such limitations. 

The first accepted method was ultracentrifugation followed by purification with a 

sucrose gradient (Théry et al., 2006). Ultracentrifugation, however, has the 

disadvantage of being a time-consuming process that can lead to the degradation of 

biomolecules, which in turn, can result in a lowering of the purity of Exos (Van Deun 

et al., 2014; Zlotogorski-Hurvitz et al., 2015). Thus, many polymeric reagents have 

been developed to isolate Exos via precipitation, which is a process that is somewhat 

superior to ultracentrifugation in terms of purity and yield of Exos (Van Deun et al., 

2014). Nonetheless, almost all the currently applied methods failed to efficiently 

enrich Exos in large quantities, probably due to the low production level of Exos by 

donor cells. Accordingly, a novel approach to substantially augment the production of 

Exos is urgently needed to ensure the widespread utilization of Exos in basic research 

avenues including the drug delivery field. 

Liposomes have been widely used as delivery carriers for anticancer agents and 

nucleic acids (Huang, 2008; Zhang et al., 2012; Torchilin, 2014). Liposomes are 

known to interact with the cell surface in a physicochemical property-dependent 

manner, which results in cell stimulation. Elsabahy and Wooley (Elsabahy and 

Wooley, 2013) reported that nanomaterials could induce the production of cytokines in 

a variety of cells, particularly immune cells, and thus the level of cytokines could be 

used as a tool to evaluate the interactions between nanoparticles and cells, as in the 

process of immunotoxicity. In a similar manner, DOTAP cationic liposomes have been 

used to induce the expression of co-stimulatory CD80 and CD86 on dendritic cell 
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surfaces, which started an immune response (Cui et al., 2005). Furthermore, lowering 

the positive charge on the surface of cationic nanoparticles via partial histamine 

modification has been used to diminish their immunotoxic response via a lowering of 

their interaction with cells (Shrestha et al., 2012).  In addition, the lipid composition of 

liposomes frequently changes and their surface properties can be altered by many 

modification options such as PEGylation and the addition of cationic lipids. 

Accordingly, I assume that co-incubation with liposomes and changing their 

physicochemical properties may impact Exo secretion from cells, and consequently 

affect the yield of Exo collection. 

In this chapter, therefore, I investigated the response of tumor cells to different 

liposome preparations in terms of Exo secretion from those cells. It was found that 

co-incubation with non-PEGylated bare liposomes increased Exo secretion from the 

tumor cells I used in both a lipid-dose and a lipid-composition-dependent manner. 

Interestingly, PEGylation to the liposomes suppressed the secretion of Exos from the 

cells I used. 
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2.2. Materials and methods 

2.2.1. Materials and antibodies  

Hydrogenated soy phosphatidylcholine (HSPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium propane chloride 

salt (DOTAP), and 1,2-distearoylsn-glycero-3-phosphoethanolamine-n-[methoxy 

(polyethyleneglycol)-2000] (mPEG2000-DSPE) were generously donated by NOF 

(Tokyo, Japan). Cholesterol (CHOL) was purchased from Wako Pure Chemical (Osaka, 

Japan). O,O′-ditetradecanoyl-N-(alpha-trimethyl ammonio acetyl) diethanolamine 

chloride (DC-6-14) was purchased from Sogo Pharmaceutical (Tokyo, Japan). 3ß-[N-

(N',N'-dimethylaminoethane)-carbamoyl] cholesterol hydrochloride (DC-Chol) was 

purchased from Avanti Polar Lipids (LA, US). Anti-TSG101 (ab30871) and HRP 

conjugated goat anti-rabbit IgG (immunoglobulin G) H&L (ab6721) were purchased 

from Abcam (Cambridge, UK). Anti-CD63 (sc-15363) antibody and anti-CD81 (sc-

9158) were purchased from Santa Cruz Biotechnology (CA, US). PKH67 Green 

Fluorescent Cell Linker kit was purchased from Sigma Aldrich (Missuori, US). Exo-

depleted fetal bovine serum (exo-FBS) was purchased from System Biosciences (CA, 

US). Normal fetal bovine serum (FBS) was purchased from Mediatech (CA, US). All 

other reagents were of analytical grade. 

2.2.2. Cell lines and cell culture 

Four cancer cell lines were purchased from the Cell Resource Center for 

Biomedical Research (RIKEN RBC CELL BANK, Saitama, Japan): the Colon 26 

(C26) murine colorectal cancer cell line, the B16BL6 murine melanoma cell line, the 

MKN45 human gastric cancer cell line, and the DLD-1 human colorectal cancer cell 

line. They were employed as models for cancer cell lines in this study. They were 

maintained in RPMI1640 (Wako Pure Chemical, Osaka, Japan) supplemented with 10% 

https://www.google.co.jp/search?biw=1366&bih=604&q=Cambridge+United+Kingdom&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0VLOTrfTzi9IT8zKrEksy8_NQOFZp-aV5KakpABcwXHM_AAAA&sa=X&ved=0ahUKEwjwlvqs6Y7RAhVKvrwKHes5BrYQmxMImQEoATAZ
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Exo-depleted FBS (System Biosciences, CA, US), 100 IU/ml penicillin, and 100 µg/ml 

streptomycin (MP Biomedicals, CA, US) until reaching 80-90% confluency. All 

incubation processes were carried out under 5% CO2 at 37 °C. 

2.2.3. Preparation of liposomes  

Four types of HSPC-based liposomes and six types of DOPE-based liposomes 

were prepared by the thin-film hydration method as previously described (Ishida et al., 

2005). The lipid composition/molar ratio of the prepared liposomes is described in 

Table 1. In brief, the lipids were dissolved in chloroform and then lipid film was 

produced by removing the organic solvent via a rotary evaporator at 37 °C under 

reduced pressure at 40 hPa for 1 h. The resultant lipid film was then hydrated using 

HEPES buffer (250 mM HEPES, 139 mM NaCl, adjusted to pH 7.4) at 65 °C with 

shaking for 2 h. The resultant large multilamellar vesicles were then extruded through a 

polycarbonate membrane with pore sizes of 400, 200 and 100 nm using an extrusion 

device (Lipex Biomembranes Inc., VC, Canada). The diameters and zeta-potentials of 

prepared liposomes were determined in PBS at 25 °C using a Zetasizer Nano ZS 

(Malvern Instruments Ltd., WR, UK) (Table 2.1). Colorimetric assay was used to 

measure the phospholipid content of the prepared liposomes (Bartlett, 1959). 

2.2.4. Collection of Exos 

Cancer cells were cultured in Exo-depleted conditioned medium for the 

indicated times, and then the cell culture medium was collected for Exo enrichment. 

To collect Exos secreted in response to liposome stimulation, the cancer cells were 

incubated for the indicated times in the presence of different liposome preparations of 

different lipid concentrations in Exo-depleted conditioned medium, and then the cell 

culture medium was collected for Exo isolation. Following collection of the culture 
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medium, cells were harvested for cell viability determination using a Countess II 

automated cell counter (Thermo Fisher Science Inc., 

  

Composition 

(molar ratios) 

 Size 

(d.nm) 

Zeta-potential 

(mV) 

NL  
HSPC/CHOL 

(2/1) 
130 ± 1.72 - 0.95 ± 0.62 

PEGylated 

NL 

HSPC/CHOL/mPEG2000-

DSPE 

(2/1/0.1) 

120 ± 3.67 - 0.59 ± 0.05 

CL1 
HSPC/CHOL/DC-6-14 

(2/1/0.2) 
121 ± 3.11 + 9.22 ± 1.63 

PEGylated 

CL1 

HSPC/CHOL/DC-6-

14/mPEG2000-DSPE 

(2/1/0.2/0.1) 

118 ± 0.80 - 0.51 ± 0.14 

CL2 
DOPE/DC-6-14 

(2/1) 
137 ± 2.45 + 22.20 ± 1.49 

PEGylated 

CL2 

DOPE/DC-6-14/mPEG2000-

DSPE 

(2/1/0.1) 

113 ± 1.15 + 1.54 ± 0.16 

CL3 
DOPE/DOTAP 

(2/1) 
154 ± 9.56 + 21.37 ± 1.45 

PEGylated 

CL3 

DOPE/ DOTAP 

/mPEG2000-DSPE 

(2/1/0.1) 

98 ± 0.18 + 0.36 ± 1.01 

CL4 
DOPE/DC-Chol 

(2/1) 
177 ± 3.74 + 17.5 ± 0.42 

PEGylated 

CL4 

DOPE/ DC-Chol 

/mPEG2000-DSPE 

(2/1/0.1) 

118 ± 3.74 + 0.45 ± 0.19 

NL: Neutral bare liposomes, CL: Cationic bare liposomes 

Table 2.1. Lipid composition and physicochemical properties of prepared 

liposomes   
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MA, US) by staining cells with trypan blue (Yao et al., 2015). To remove cell debris 

in addition to the apoptotic bodies and microvesicles, the collected culture medium 

was exposed to differential centrifugations at 4 
o
C (200 x g for 10 min, 2000 x g for 

20 min and 12,500 x g for 30 min) (Théry et al., 2006; Van Deun et al., 2014; 

Zlotogorski-Hurvitz et al., 2015). Then, Exos were enriched from the supernatant 

using either of the following two methods: ultracentrifugation (100,000 x g and 70 

min) or an Exoquick-TC
TM

 precipitation reagent (System Biosciences, CA, US) 

according to the manufacturer’s recommended protocol (Théry et al., 2006; Van 

Deun et al., 2014; Zlotogorski-Hurvitz et al., 2015; Yim et al., 2016). For the latter 

method, the reagent was added to the supernatant in a 1:5 ratio and then mixed well. 

The mixture was let stand at 4 °C for 24 h. The supernatant was then completely 

discarded after two sequential centrifugation steps at 1,500 x g for 30 and 5 min. The 

Exo pellet was dispersed in PBS for further analysis and experiments. The liposomes 

in the incubation medium did not influence in the recovery ratio of Exos under the 

experimental condition in this study. To confirm that the Exo samples contained no 

remains of the liposomes used in stimulation, Exo-depleted conditioned medium was 

incubated under similar experimental conditions in the presence of different liposome 

concentrations followed by precipitation using sequential centrifugations with 

ultracentrifugation or Exoquick-TC
TM

. Then, the collected samples of liposome 

contaminants (without Exos) were analyzed in the same manner as the Exo samples. 

2.2.5. Characterization and analysis of collected Exos 

Bio-Rad DC
® 

protein assay (Bio-Rad Laboratories Inc., CA, US) was used to 

determine the protein concentration of the Exos and liposome-bound proteins 

(liposome contaminants) according to the manufacturer’s recommended protocol. A 

linear standard curve with bovine serum albumin (BSA) was used to calculate the 
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protein concentration. To ensure a precise evaluation of Exo yield, the amount of 

proteins bound to the liposomes, which might have contaminated the collected Exo 

samples, was always subtracted from the final protein amount in the Exo sample. The 

amount of protein in the Exo samples was expressed as µg/10
6
 viable cells or as 

µg/ml. 

To verify that the collected samples contain the specific EV type, Exos, Exo 

marker proteins (TSG101, CD63 or CD81) in the collected samples were identified 

by Western blot analysis. Briefly, protein samples were mixed with 2x sample buffer 

(0.1 M Tris, 4% SDS, 12% 2-mercaptoethanol, 20% glycerol, slight amount of 

bromophenol blue) at a ratio of 1:1 (v/v), and then heated at 95 °C for 5 min. Proteins 

in the samples were electrophoretically separated on 5-20% gradient gels (epagele-

PAGEL; ATTO, Tokyo, Japan) at 25 mA per each gel for 70 min, as previously 

described (Kawanishi et al., 2015). Each lane was loaded with 60 µg of protein. 

MagicMark™ XP Western Protein Standard (20-220 kDa, Thermo Fischer Inc., MA, 

US) was employed as a molecular weight standard. The separated proteins were 

blotted to a nitrocellulose membrane by electrophoresis at 12 V for 30 min using a 

semi-dry blotting system (ATTO, Tokyo, Japan). Then, for blocking, the membrane 

was incubated at 37 °C for 1 hour in the blocking buffer 5% BSA in Tris-buffered 

saline with 0.05% Tween 20 (TBST 0.05%). The blocked membranes were further 

incubated with different primary antibodies in 2% BSA (in TBST 0.05%) in a 1:1,000 

(v/v) concentration for Anti-TSG101 antibody and a 1:40 (v/v) concentration for anti-

CD63 and anti-CD81 antibodies at 4 °C overnight. After that, the membranes were 

treated with HRP conjugated goat anti-rabbit IgG H&L antibody in TBST 0.05% with 

a dilution (1:20,000) at 37 °C for 1 h. Finally, membrane visualization was carried out 

by incubating the membrane with Amersham™ ECL™ Prime Western Blotting 
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Detection Reagent (Sigma Aldrich, Missouri, US) at room temperature for 5 min 

followed by imaging using image quant LAS 4000 (GE Healthcare Life Sciences, 

MA, US).   

2.2.6. Evaluation of the in vitro cellular uptake of collected Exos 

To assess the cellular uptake of collected liposomes, B16BL6 cells, which 

exhibited the highest Exo yield among all tested cancer cell lines, was incubated for 

48 h under both normal (exo-N) and stimulation conditions with 1 mM CL1 (exo-S1) 

or 0.05 mM CL3 (exo-S2). These two concentrations of CL1 and CL3 were selected 

as examples for the stimulating action of solid and fluid liposomes with a sublethal 

effect on cell viability. Exos were harvested from B16BL6 using ultracentrifugation 

at 100,000 x g for 70 min after the removal of cell debris, apoptotic bodies and 

microvesicles, as previously mentioned (Théry et al., 2006; Van Deun et al., 2014; 

Zlotogorski-Hurvitz et al., 2015). The harvested Exos from B16BL6 were evaluated 

for their cellular uptake by either the autologous cell line B16BL6 or the allogeneic 

cell line C26. Exos were labeled using green fluorescent dye, PKH67 (Sigma Aldrich, 

Missuori, US), according to the manufacturer’s protocol with minor modifications 

(Morelli et al., 2004; Parolini et al., 2009; Ekstrom et al., 2012). Briefly, a 

suspension containing the same amount of Exos was washed once with PBS by 

ultracentrifugation at 100,000 x g for 70 min. The Exo pellets were re-suspended in 

diluent C supplied in the package (Sigma Aldrich) and then mixed with an equal 

volume of the 2x dye solution in diluent C (2 x 10-6 M) for 5 min. The staining was 

stopped by the addition of an equal volume of Exo-depleted FBS. The stained Exos 

were recovered as pellets by ultracentrifugation at 100,000 x g for 70 min. The pellets 

were then re-suspended in an equal volume of conditioned culture medium. Exo 

uptake was examined via flow cytometry (Gallios, Beckman Coulter, CA, US) and 
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confocal laser scanning microscopy (LSM 700, ZEISS) as described below. The 

liposome was incubated in Exo-depleted conditioned medium in the absence of cells. 

The collected supernatant was sequentially centrifuged as described above to obtain 

liposome contaminant that contained liposome-bound proteins. The liposome 

contaminants were stained and their cellular uptake was evaluated as described below.  

2.2.6.1. Flow cytometry  

Target cancer cells (B16BL6 or C26) were cultured at 1.5 x 10
5
 cells in 2 ml 

of culture medium using a 6-well plate followed by incubation for 24 h. Then, labeled 

Exos and/or liposome contaminants were incubated with cancer cells in Exo-depleted 

conditioned medium at a final protein concentration of 3 µg/ml of Exo sample or its 

equivalent of liposome contaminants. After 24 h post-incubation, the cancer cells 

were harvested, washed twice with PBS, and then examined by flow cytometry.  The 

data were analyzed using Kaluza 1.2 software (Beckman Coulter, CA, US) (Morelli 

et al., 2004; Ekstrom et al., 2012).  

2.2.6.2. Confocal laser scanning microscopy:  

Target cancer cells (B16BL6 or C26) were precultured for 24 h at a density of 

3 x 10
4
 cells in 200 µl of the Exo-depleted conditioned medium using Lab-Tek II 

chamber slides (Thermo Fischer Inc., MA, US). Labeled Exos and/or liposome 

contaminants were added into each well at a final protein concentration of 3 µg/ml of 

Exo sample or its equivalent of liposome contaminants. The cells were then incubated 

for a further 24 h. After aspiration of the culture medium, adhered cells were washed 

with PBS and then incubated for 5 min in the presence of Hoechst 33342 DNA dye 

(1.78 µM) (Ana Spec Inc., CA, US). After aspiration, cells were washed twice with 

PBS and then let stand for 30 min to dry. The dried cells were fixed with 

Fluoromount/Plus (Diagnostic Biosystems, CA, US). Slides were examined at 63x 
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magnification via confocal laser scanning microscopy. The scanned images were 

processed using LSM-ZEN2012 software (ZEISS) (Morelli et al., 2004; Parolini et 

al., 2009; Ekstrom et al., 2012).   

2.2.7. Statistical analysis 

All values were expressed as mean ± SD. Statistical analysis was performed 

via one way ANOVA tests (Tukey’s and Dunnett’s multiple comparisons tests) using 

Graphpad Prism 6.01 software (GraphPad Software Inc., CA, US). The level of 

significance was set at p<0.05. 
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2.3. Results 

2.3.1. Effect of incubation time and type of cancer cell line on Exo secretion 

To trace the effect of incubation time on Exo secretion from cancer cell lines, 

the four types of cancer cells, namely C26, B16BL6, MKN45 and DLD-1, were 

cultured without co-incubation with liposomes for 24, 48 and 72 h, and the Exos were 

then collected by Exoquick-TC
TM

. Exo protein concentration was used as an 

indication of Exo yield.  Fig. 2.1 shows that Exo secretion was detected in all cell 

lines and that the Exo yield was increased with incubation time in all cell lines except 

for DLD-1. Exo release after 72 h was in the following descending order: B16BL6 

cells followed by DLD-1 then C26 and finally MKN45 by 786.72 ± 69.92, 438.79 ± 

27.66, 393.05 ± 33.24, and 376.10 ± 72.96 µg/10
6
 viable cells, respectively. These 

results manifest that all tested cancer cell lines can secret Exos in both incubation 

time- and cancer cell-type-dependent manners with the highest level of Exos secreted 

by B16BL6 cells following 72 h of incubation time. 

2.3.2. Evaluation of potential liposome contaminants 

Incubation of cells with bare liposomes was investigated a potential strategy to 

enhance the yield of Exos collected by either sequential centrifugations, the method 

widely used to obtain Exos (Théry et al., 2006), or by Exoquick-TC
TM 

(Yim et al., 

2016), protein levels were taken as an indicator for Exo yield. It is well known that 

liposomes are easily interacted with serum proteins (Ishida et al., 2001, 2002) and the 

liposomes can then be precipitated by ultracentrifugation, which is similar to our 

experimental condition. Accordingly, I investigated the possibility that liposome-

bound proteins were being contaminated in the collected Exo fraction. As shown in 

Fig. 2.2, the liposomes added into the Exo-depleted conditioned medium were 

precipitated together with serum proteins regardless of the collection method. To 
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exclude the contribution of liposome-bound proteins to the overall protein 

concentration in the assayed sample, the amount of liposome-bound protein was 

subtracted from the overall protein concentration of the collected Exos in all 

experiments conducted in this study. That contamination was only significantly 

detected with HSPC solid liposomes. While fluid liposomes showed no/low liposome 

contamination which could be omitted (Fig. 2.2 B). The observed difference in the 

contamination level between fluid and solid liposomes might be related to their 

stability after incubation at 37 °C. After incubation, fluid liposomes will aggregate 

resulting in increasing their size, while solid liposomes will remain intact without a 

change in their nano-size. Thereby, during the sample purification via sequential 

centrifugation at 300, 2000 and 12,500 x g, fluid liposomes were easily removed 

while solid liposomes skipped these centrifugation steps and remained in the sample 

for co-isolation with Exos at 100,000 x g. Thus, it was necessary to present the 

contamination happened with HSPC liposomes. To confirm the detected no/low 

contamination with fluid liposomes, nanoparticle tracking analysis (NTA) was 

employed. The results indicated the presence of tiny amounts of fluorescent (DiI) 

labeled fluid liposomes (CL3) in the collected samples compared to the added amount 

(Figs. 2.3 A and B). Fig. 2.2 A also showed that the contamination was higher with 

Exoquick-TC
TM

 than ultracentrifugation. This is inconsistent with the literature which 

indicated that the protein contamination is higher with ultracentrifugation due to the 

degradation of large proteins by the high speed centrifugation and then precipitation 

with the collected Exo sample (Van Deun et al., 2014; Zlotogorski-Hurvitz et al., 

2015). According to our current knowledge, the coexistence of Exos and 

liposomes is novel to be investigated. Thus, other methods for Exo analysis l ike 
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Figure 2.1. Relationship between incubation time and yield of Exos from four 

different cancer cell lines.  

The secreted Exos were collected by Exoquick-TC
TM

 after incubation of 

different cancer cell lines for the indicated times in Exo-depleted culture medium. The 

protein amount in the collected fraction was determined via Bio-Rad DC
®
 protein 

assay.  Data are represented as the mean ± SD (n=3). An one way ANOVA test 

(Tukey`s test) was applied for each type of cancer cell. * p <0.05, ** p < 0.01 and *** 

p < 0.001.  
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Figure 2.2. Contaminates of liposome-bound proteins for different liposome 

preparations using Exoquick-TC
TM

 or ultracentrifugation. 

 Bio-Rad DC
®
 protein assay was used to evaluate the protein amount the 

potential contaminants of liposome-bound proteins for (A) HSPC liposomes and (B) 

DOPE cationic liposomes using Exoquick-TC
TM

 or ultracentrifugation (UC). Data are 

represented as the mean ± SD (n=3). 

  

  



Chapter II: Results ……………………….……………………….…...……….…    23 

 

 

Figure 2.3. Contaminates of liposome-bound proteins for CL3 using 

ultracentrifugation. 

The amount of CL3 contaminates were evaluated via (A) measuring the 

fluorescence intensity of DiI contaminates using a plate reader or (B) counting the 

particle number of these contaminates using nanoparticle tracking analysis (NTA). 

A) Exo-N 

(1.03 x 10
10  

particles/ml) 

B) Exo-S2 

(4.70 x 10
10 

particles/ml) 

  
C)  medium 

(1.21 x 10
8  

particles/ml) 

C) DOPE CL contaminants 

(3.35 x 10
8  

particles/ml) 
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transmission electron microscopy (TEM), dynamic light scattering (DLS) and 

nanoparticle tracking analysis (NTA) were unfortunately inconclusive to distinguish 

between Exos and liposomes due to the similarity in their shape and size. Moreover, 

liposomes were already used as a model for Exos in another study by Lane, et al. 

(Lane et al., 2015). Nevertheless, these results manifest that Exos were efficiently 

obtained by either sequential centrifugations or Exoquick-TC
TM

. 

2.3.3. Effect of different HSPC-based liposome preparations on Exo secretion 

To further investigate the stimulatory effect of liposomes, the HSPC-based 

liposomes listed in Table 2.1 were incubated with different cancer cell lines for 48 h. 

As shown in Fig. 2.4, Exo secretions from all cell lines were increased with 

increasing phospholipid concentration (dose) of either neutral or cationic bare 

liposomes (NL or CL1).  Cationic bare liposomes (CL1) showed stronger stimulant 

activity on Exo secretion than neutral bare liposomes (NL) under the same 

experimental conditions. Among the tested cell lines, B16BL6 seems to be the most 

responsive cell line for liposomal stimulation in terms of Exo secretion followed by 

MKN45, DLD-1 and finally C26. Surprisingly, neither PEGylated NL nor PEGylated 

CL1 showed any stimulatory effect on Exo secretion, but these rather inhibited 

essential Exo secretion in a dose-dependent manner in some cell lines. This tendency 

was confirmed by the Exo collection with ultracentrifugation (Fig. 2.5). Taken 

together, these results showed that bare liposomes have the ability to induce Exo 

secretion and that a cationic surface charge further can increase the stimulatory effect 

of bare liposomes. On the other hand, it is likely that the PEGylation of these bare 

liposomes may diminish their stimulatory effect.  
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Figure 2.5. The effect of incubation with different HSPC-based liposome 

preparations on Exo secretion from the B16-BL6 cancer cell line using 

ultracentrifugation.  

 The Exos secreted from B16-BL6 were collected by ultracentrifugation. The 

protein amount in the collected fraction was determined via Bio-Rad DC
®
 protein 

assay. Data are represented as the mean ± SD (n=3). An one way ANOVA test 

(Tukey`s test) was applied for each liposome formulation. *** p < 0.001. 
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2.3.4. Effect of cationic lipid type in cationic liposomes (CL) on Exo secretion 

To gain further insight into the effect of the type of cationic lipids in the CLs 

on Exo secretion, C26 cells were selected due to having the lowest Exo yield, which 

required greater stimulation via powerful cationic lipid. C26 cells were incubated for 

48 h in the presence of various CL preparations (CL2, CL3 and CL4), as listed in 

Table 2.1. All the tested DOPE-based CLs caused bell-shaped stimulation on Exo 

secretion in response to liposomal dose (Fig. 2.6 A). DOPE-based cationic liposomes, 

tested at just 0.06 mM, showed higher stimulation activity on C26 (1.55-, 2.49- and 

1.34- fold increases for CL2, CL3 and CL4, respectively) (Fig. 2.7) compared with 

HSPC-based cationic liposome (0.5 mM, CL1) (Fig. 2.4 A). Such stimulatory effect 

of DOPE-based cationic liposomes was mediated in a liposomal dose-dependent 

manner. At a lower liposomal dose, DOPE-based cationic liposomes could efficiently 

trigger Exo secretion without significantly affecting cell viability (Fig. 2.6). On the 

other hand, at a higher liposomal dose, such stimulatory effect was substantially 

decreased (Fig. 2.6 A) presumably via decreasing cell viability (Fig. 2.6 B). The 

highest increase in Exo yield harvested at 0.1 mM was from CL3 followed by CL2 

with 3.17- and 2.63-fold increases, respectively, compared with untreated cells. CL4 

produced the lowest increase in Exo secretion (only 1.39-fold), which could have 

been due to a lowered level of membrane fluidity caused by an increase in the 

cholesterol content from DC-Chol in the liposomal membrane. Stimulation/inhibition 

observed in HSPC-based liposomes was also observed in DOPE-based liposomes (Fig. 

2.8). The dose-dependent stimulatory activity of cationic DOPE-based liposomes was 

inhibited by PEGylation as shown in Fig. 2.8 A (Exoquick-TC
TM

) and Fig. 2.8 B 

(ultracentrifugation method). These results showed that the stimulation of Exo 

secretion is affected by liposome lipid composition especially cationic lipid types in 
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tandem with phospholipid types and cholesterol content. Furthermore, NTA also 

indicated the ability of CL3 to enhance the yield of Exo collected by 

ultracentrifugation (Fig. 2.3 B). To confirm the ability of fluid liposomes in 

enhancing Exo secretion without any possibility of liposome interference, a pulse 

experiment was conducted via a brief incubation of C26 with fluid liposomes (CL3) 

for 3 h and then the incubation continued to 48 h after replacing the culture medium 

with fresh one. Fig. 2.9 showed that pulse incubation with CL3 also enhanced Exo 

secretion, compared to untreated cells. Thereby, fluid cationic liposomes are an 

excellent candidate for enhancing Exo yield via liposomal stimulation. 

2.3.5. Characterization of Exos collected by ultracentrifugation or Exoquick-

TC
TM

 

Proteins were obviously detected in the obtained Exos regardless of the 

collection method. Exoquick-TC
TM

 was likely to recover a large amount of Exos 

compared with sequential centrifugations. Incubation of cells with cationic bare 

liposomes (CL) increased the protein amount in the collected Exos regardless of the 

collection method. Fluid CL appeared to increase the production of Exos much more 

than solid CL. However, it is not clear whether the samples specifically contain the 

subtype of EVs, called Exos. Accordingly, to verify the existence of Exos in the 

collected samples, the presence/absence of major Exo markers, such as (CD63, CD81 

and TSG101) (Lee et al., 2012; Carrière et al., 2016), in the collected samples was 

scrutinized using the corresponding antibodies (Fig. 3.10). All the examined markers 

were detected in all the collected samples incubated in the presence or absence of 

liposomes. None of these markers was detected in the liposome contaminants.  
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Figure 2.6. Effect of different cationic liposomes on Exo secretion (expressed as 

µg/mL) and cell viability.  

The secreted Exos were collected by Exoquick-TC
TM

 after incubation of C26 

cancer cells for 48 h in the presence of different concentrations of different DOPE-

cationic liposome formulations. The protein amount (A) in the collected fraction was 

determined via Bio-Rad DC
®
 protein assay. Cell viability (B) of the harvested C26 

cancer cells was evaluated via a Countess II automated cell counter by staining the 

cells with trypan blue after collecting the culture medium for Exo enrichment. Data 

are represented as the mean ± SD (n=3). An one way ANOVA test (Dunnett`s test) 

was applied by comparing each phospholipid concentration with the control 

(untreated). * p <0.05, ** p < 0.01 and *** p < 0.001. 
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Figure 2.7. Effect of different types of cationic DOPE-based liposomes on Exo 

secretion (expressed as µg/10
6 
cell) from the C26 cancer cell line. 

The Exos secreted from C26 were collected by Exoquick-TC
TM

. The protein 

amount in the collected fraction was determined via Bio-Rad DC
®
 protein assay. Data 

are represented as the mean ± SD (n=3). An one way ANOVA test (Dunnett`s test) 

was applied by comparing each phospholipid concentration with the control 

(Untreated). * p < 0.01 and *** p < 0.001. 
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Figure 2.8. Effect of different types of cationic DOPE-based liposomes (including 

PEGylated liposomes) on Exo secretion from (A) C26 using Exoquick-TC
TM

 and 

(B) B16-BL6 using ultracentrifugation.  

The secreted Exos were collected after incubation of  cancer cell lines for 48 

h. in the presence of different concentrations of PEGylated and non-PEGylated 

DOPE-cationic liposomes. The protein amount in the collected fraction was 

determined with Bio-Rad DC
®
 protein assay. Data are represented as the mean ± SD 

(n=3). An one way ANOVA test (Tukey`s test) was applied for each liposome 

formulation. * p <0.05 , ** p < 0.01 and *** p < 0.001. 
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Figure 2.9. Pulse experiment for stimulating Exo secretion via short incubation 

with CL3. 

Cells were incubated in the presence of 0.1 mM CL3 for 3 h (short liposome 

co-incubation). After 3 h incubation, the culture medium was replaced with fresh 

medium and cells were further incubated to 48 h. Then, the medium was collected for 

Exo isolation via ultracentrifugation. 

 

Figure 2.10. Characterization of Exos collected by Exoquick-TC
TM

 or 

ultracentrifugation. 

Identification of Exo markers in the collected samples was conducted via 

Western blotting. 

 



Chapter II: Results ……………………….……………………….…...……….…    33 

2.3.6. In vitro cellular uptake of harvested Exos 

The role of Exos in cell-cell communication is very important, particularly in 

the disease status of cells. Thus, Exo-based drug delivery is currently the focus of 

many studies particularly in cancer therapy (Lakhal and Wood, 2011; Tan et al., 

2013; Johnsen et al., 2014). Here, the cellular uptake of Exos collected was studied 

either under normal conditions (exo-N) or under stimulation with 1 mM CL1 (exo-S1) 

and 0.05 mM CL3 (exo-S2). In addition, the cross-reactivity of Exos harvested from 

an autologous tumor cell line (B16BL6) towards another tumor cell line (C26) was 

investigated.  

Control Exos (exo-N) were taken up by the autologous cells (B16BL6) as well 

as by other cells (C26) (Figs. 2.11 A and B). The exo-S2 was also taken up by both 

cell lines (B16BL6 and C26) (Figs. 2.11 A and B). Interestingly, there was little 

uptake of exo-S1 by the cancer cells (Figs. 2.11 A and B). Compared with exo-N, 

exo-S2 was taken up by a higher percentage in both cancer cells (Fig. 2.11B). Notably, 

the uptake level of both exo-N and exo-S2 by autologous cells (B16BL6) was higher 

than that by the C26 cells. Protein-bound liposome prepared with Exo-depleted 

conditioned medium showed very weak uptake signals with flow cytometry 

(negligible). The value was subtracted from the corresponding Exo sample. These 

observations were further emphasized when the Exos inside target cells were 

visualized under LSM (Fig. 2.12). LSM images showed that green-labeled exo-N and 

exo-S2 were significantly internalized by the autologous cells (B16BL6) as well as by 

other cancer cells (C26), while little faint green aggregations were detected in the case 

of exo-S1 (Fig. 2.12). The uptake of liposome associated with serum proteins from 

Exo-depleted conditioned medium was weak and negligible. It is likely that Exo 

uptake depends on the type of target cancer cell besides the type of liposomes used in 

stimulating Exo release. 
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Figure 2.11.  Flow cytometry analysis of Exo internalization. 

The percentage of cells taken up Exos was evaluated by flow cytometry after 

incubation of PKH67-labeled Exos collected by ultracentrifugation from B16BL6, for 

24 h with autologous cancer cells (B16BL6) and other cells (C26). Data are 

represented as one set (A, B) and the mean ± SD (n=3) after subtracting the 

background (C). An one way ANOVA test (Tukey`s test) was applied within each 

type of cancer cell and also between the two types of cancer cells. * p <0.05, ** p < 

0.01 and *** p < 0.001. 

A) Untreated exo-N exo-S1 exo-S2 

B16BL6 

 
   

C26 
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Figure 2.12. Confocal laser scanning microscopy for tracking Exo internalization.  

The uptake of Exos by cancer cells was imaged by a confocal laser scanning 

microscope after incubation of PKH67-labeled Exos collected by ultracentrifugation 

from B16BL6 cells, for 24 h with autologous cancer cells (B16BL6) and other cells 

(C26).  All images represent one set of triplicates. Exos were labeled with PHK67 

(green), and the DNA core was stained with Hoechst 33342 (blue). Scale bar indicates 

20 µm.  
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2.4. Discussion 

Many studies have reported different stimulation models for Exo secretion 

from cells via manipulation of the cells, their receptors, the plasma membrane, or 

even intracellular electrolytes (Savina et al., 2005; Lachenal et al., 2011; Raposo 

and Stoorvogel, 2013). These studies monitored only the stimulation action as a 

result of a specific condition or biological process. In the present study, it was 

demonstrated that in vitro incubation of bare liposomes with cancer cells enhances 

Exo secretion from different types of cancer cells, resulting in an increased yield of 

Exos (Figs. 3.2 and 3.3). In particular, fluid cationic bare liposomes produced the 

greatest increase in Exo secretion at the optimum dose with less cytotoxicity (Figs. 

3.4, 3.5 and 3.6). Thus, liposome-mediated stimulation of cancer cells could be a 

promising method to enrich Exo yield. Such an increased yield of Exos supports the 

expansion of basic research regarding Exo analysis and their application as drug 

delivery vehicles.  Interestingly, PEGylation to the bare liposomes inhibited Exo 

secretion (Figs. 3.2 and 3.6). The suppressive effect of PEGylation might be 

considered a new benefit for using PEGylated liposomes in treating tumors, because it 

has been reported that Exos play a controversial role in tumor progress by 

stimulating/suppressing the immune system (Théry et al., 2002; Hedlund et al., 

2011). Therefore, PEGylated liposomes may subside the bimodal role of Exos, 

particularly in tumor metastasis. These observations suggest that our approach may be 

a new strategy to stimulate/inhibit the secretion of Exos derived from cancer cells if 

the physicochemical properties of liposomes can be correctly manipulated.  

The underlying mechanism behind increased Exo secretion via stimulation of 

liposomes remains uncertain. Raposo and Stoorvogel reported some different 

mechanisms for Exo release in a response to stimulation (Raposo and Stoorvogel, 

2013). For instance, the increased secretion of Exos was triggered by stimulating p53 in 
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tumor cells under stress conditions (Lespagnol et al., 2008), via the activation of 

purinergic receptors, by changes in intracellular Ca
2+

 levels or by causing a 

depolarization of the cell membrane, which occurs by positively charged ions such as 

K
+
 (Savina et al., 2005; Lachenal et al., 2011; Raposo and Stoorvogel, 2013). The 

stimulatory effect of neutral bare liposomes (NL) and cationic bare liposomes (CL), 

observed in this study, might have been caused by these mechanisms. 

The observed strong stimulation caused by CL rather than NL (Figs. 3.2, 3.3, 

3.4, 3.5 and 3.6), is notably related to the cationic lipid in CL. Many studies have 

reported that CLs induce cytotoxicity in a dose-dependent manner (Elsabahy and 

Wooley, 2013; Chou et al., 2014). Therefore, the stimulatory effect of CL might 

reflect its cytotoxicity; more stress due to CL is applied to cancer cells, which may 

produce more Exos as a defensive mechanism (Zhou et al., 2013). The higher 

stimulatory effects of CL2 and CL3 are probably due to their higher interaction with 

tumor cells via not only surface cationic charge but also membrane fluidity (Socaciu 

et al., 2000; Kočišová et al., 2013) as well as to subsequent cell damage (Chou et al., 

2014). It appears that membrane fluidity of liposomes also contributes to enhanced 

Exo secretion because both CL2 and CL3 produced Exos at a higher rate compared 

with CL4, which contains cholesterol (DC-Chol) that creates a solid-phase membrane. 

Interestingly, PEGylation to the surface of liposome suppressed secretion of 

Exos from the cells (Figs. 3.2 and 3.6). The PEG conformation has a great effect on 

liposome-cell interactions; the mushroom structure of PEG on the surface of 

liposomes reduces nanoparticle-cell interactions, rather than the brush structure (Hu 

et al., 2007). In addition, the negative surface charge of PEGylated liposomes (Table 

1) reduces or prevents the interaction between liposomes and cells due to electronic 

repulsion between these nanoparticles and negatively charged cell membranes (Hu et 
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al., 2007). However, these factors cannot account for the suppression of the Exo 

secretion by PEGylation that was observed in the present study. Uz et al. recently 

found that the PEGylation of gold nanoparticles altered the cell cycle and caused 

DNA damage without apoptosis, which effectively disrupted cell division and 

replication. They showed that the effect was dependent on PEG grafting density and 

concentration; at a particular PEG grafting density (~0.65 chains/nm
2
), none of these 

severe damages were observed (Uz et al., 2016). Literature studies have documented 

how the nanoparticles, which show no toxic effects according to classic toxicity test 

results, may severely disrupt cell-cycle steps, and cause DNA damage or apoptosis. 

Accordingly, the PEGylated liposomes in this study might have stimulated cells via 

liposome-cell collisions, which could have resulted in a suppression of Exo secretion. 

The mechanism behind this reaction will require further study.  

The uptake of Exos depends on many factors such as innate uptake ability of 

target cancer cell, characters of collected Exos and the interaction between Exos and 

target cancer including adhesion, fitting surface antigen and fusion. Many studies 

have already reported that any change in Exo characters significantly affects their 

cellular uptake (Christianson et al., 2013; Inder et al., 2014; T. J. Smyth et al., 

2014), which is consistent with our current observation (Fig. 11). The cellular uptake 

of Exos obtained under normal and stimulated conditions extensively differed in a 

response to liposome type used in stimulation. The highest percentage of Exo 

internalization was observed for exo-S2 followed by exo-N, while exo-S1 showed no 

detectable cellular uptake (Fig. 11). This might have been related to changes in the 

surface proteins of Exos (Mulcahy et al., 2014; McKelvey et al., 2015), which are 

responsible for cellular targeting and uptake. The similarities of the exosomal surface 
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proteins with autologous cells may explain the higher ability of B16BL6 to take up 

Exos compared with the C26 cancer cell line. 
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3.1. Background 

In the chapter II, I reported that the incubation of cancer cells with liposome 

formulations of different physiochemical properties enhanced Exo secretion and 

increased Exo yield by conventional separation methods. Fluid DOPE-based cationic 

liposomes were more effective than solid HSPC-based liposome in increasing yield. 

In addition, the collected Exos showed different uptake propensities depending on the 

properties of the liposome preparations used for incubation. Uninduced Exos and 

Exos induced by fluid cationic liposomes had higher uptake by autologous Exos than 

Exos induced by solid cationic liposomes. Further experiments are needed to 

understand the mechanisms behind these observations. 

The mechanisms of interaction of Exos with cells and how this influences their 

uptake by recipient cells is not well understood, even the basic question of whether 

Exo uptake occurs through endocytosis or direct membrane fusion.  Clarifying the 

mechanism of Exo uptake is the key to their development as DDS. Many reports have 

demonstrated that Exo uptake by target cells is driven heterogeneously via various 

mechanisms, depending on the nature of the Exo surface membrane proteins available 

to interact with the membrane receptors of target cells (Morelli et al., 2004; Glebov 

et al., 2006; Feng et al., 2010; T. Tian et al., 2010; Montecalvo et al., 2012; 

Mulcahy et al., 2014). One class of Exo surface proteins is the tetraspanins, which 

are thought to be Exo markers with a role in the adhesion of Exos to recipient cells, 

facilitating Exo uptake (French et al., 2017). For instance, CD9 and CD81 participate 

in attachment and uptake of Exos by dendritic cells (Morelli et al., 2004).  Flotillin-1, 

a plasma membrane microdomain, is another exosomal surface protein that controls 

the clathrin independent endocytosis pathway in cells (Glebov et al., 2006; Meister 

and Tikkanen, 2014). In addition, EGF is another exosomal surface protein with a 
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predominant role in the uptake process via EGFR-mediated endocytosis (Liu et al., 

2011). Similarly, Annexin-A2 mediates endocytic entry to cells (S. Wang et al., 

2016b). Other plausible mechanism for Exo uptake may be clathrin-dependent 

endocytosis, lipid raft-mediated endocytosis, phagocytosis and/or macropinocytosis 

(Morelli et al., 2004; Feng et al., 2010; T. Tian et al., 2010; Montecalvo et al., 

2012). 

In this chapter, I expanded the research shown in the chapter II to reveal the 

importance and role of Exo proteins in the uptake of Exos induced by liposomes with 

varying physiochemical properties. In addition, I have studied the uptake mechanisms 

of Exos by different cancer cell lines, induced by changing liposome properties. The 

results indicate that the induced Exos display different expression of surface proteins 

and different endocytosis pathways, which might reflect the amount and selectivity of 

Exo uptake. 
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3.2. Materials and methods 

3.2.1. Materials and antibodies 

Sucrose was purchased from Wako Pure Chemical (Osaka, Japan). Cytochalasin 

D, chlorpromazine (CPZ), amiloride hydrochloride hydrate and filipin complex were 

purchased from Sigma Aldrich (MO, US).  All antibodies (Abs) were purchased from 

Abcam (Cambridge, UK), including anti-CD9 (RabMab, ab92726), anti-annexin-A2 

(ab41803), anti-flotillin-1 (ab41927) and anti-EGF (ab9695). The reagents, HSPC, 

DOPE, (DOTAP), cholesterol, DC-6-14, anti-TSG101 (ab30871), HRP conjugated goat 

anti-rabbit IgG H&L (ab6721), PKH67 Green Fluorescent Cell Linker kit, exo-FBS and 

FBS , are previously described in the chapter II. All other reagents were of analytical 

grade. 

3.2.2. Cell lines and cell culture 

C26 and B16BL6 were supplied, maintained and cultured as previously 

described in the chapter II. 

3.2.3. Preparation of liposomes  

Two types of cationic liposomes, solid (HSPC-based liposomes) and fluid 

(DOPE-based liposomes), were prepared as previously described in the chapter II. 

3.2.4. Collection of Exos 

Exos, exo-N, exo-S1 and exo-S2, were collected from murine melanoma as 

previously described in the chapter II with an additional purification step, gradient 

ultracentrifugation, which was conducted using 0.3-2.5 M sucrose to alleviate the 

possibility of contamination by liposomes.  

3.2.5. Shotgun analysis of Exo proteins 

Shotgun analysis was conducted as described previously (Kawanishi et al., 

2015). Briefly, six μg protein from Exo samples was treated with buffer A (8 M urea, 

https://www.google.co.jp/search?biw=1366&bih=604&q=Cambridge+United+Kingdom&stick=H4sIAAAAAAAAAOPgE-LSz9U3ME0ySC43VOIAsS3NLYq0VLOTrfTzi9IT8zKrEksy8_NQOFZp-aV5KakpABcwXHM_AAAA&sa=X&ved=0ahUKEwjwlvqs6Y7RAhVKvrwKHes5BrYQmxMImQEoATAZ


Chapter III: Materials and methods …………….…………………...……….…   43 

2 mM EDTA, 250 mM Tris-HCl, pH 8.5) containing 10 mM 1,4-dithiothreitol (DTT) 

for 2 h at 37°C, followed by incubation with buffer A containing 25 mM 

iodoacetamide for 1 h at room temperature to conduct carbamidmethylation of the 

thiol group. The reaction product was mixed with 1/20 amount of trypsin solution 

(w/w) and incubated overnight at 37°C. The resultant peptide mixture was passed 

through a ZipTip μ-C18 (Millipore) for desalting, and 0.4 μg of that was subjected to 

nanoLC-MS/MS analysis. 

For nanoLC-MS/MS analysis, the digested peptides were separated on an 

Acclaim PepMap RSLC Nano Column (75 μm x 150 mm, 2 μm, C18, Thermo Fisher 

Scientific Inc., MA, US) operated at a flow rate of 300 nL/min using UltiMate 3000 

RSLCnano System (Thermo Fisher Scientific Inc., MA, US). Phase A was 0.1% 

formic acid, and phase B was 80% acetonitrile containing 0.08% formic acid. After an 

isocratic step at 4% B for 10 min, B was linearly increased to 55% within 204 min 

followed by increase to 90% within 10 min. After 4 min washing, B was decreased 

back to 4% within 1 min. Mass spectrometry (MS) was performed using Orbitrap 

Elite (Thermo Fisher Scientific Inc., MA, US) operated in positive ion mode 

(Nanoflow-LC ESI). Capillary voltage was set at 1.7 kV. The mass data was analyzed 

using Mascot (Matrix Science Inc., MA, US). 

3.2.6. SDS PAGE electrophoresis and Western blotting analysis  

Exo samples were separated on 5-20% gradient gels (epagele-PAGEL; ATTO, 

Tokyo, Japan) as previously described in chapter II for SDS PAGE electrophoresis 

and Western blotting analysis (Kawanishi et al., 2015). After sample preparation, 

each lane was loaded with 20 µl of sample containing 15 µg and 60 µg for SDS 

PAGE and Western blot, respectively and electrophoresis was run. For simple SDS 

PAGE visualization, Precision Plus Protein All Blue Standard (10-250 kDa, Bio-Rad 
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Laboratories Inc., CA, US) was used as a standard, and the gel was stained with 

Coomassie brilliant blue dye (0.05%). For Western blotting, the procedures were as 

previously described in chapter II.  After membrane blocking, the membrane was 

incubated with a 1:1,000 dilution of different primary Abs; anti-CD9, anti-annexin-

A2, anti-flotillin-1 and anti-EGF in TBST 0.05% overnight at 4 °C. The membrane 

was washed and then incubated with the HRP conjugated goat anti-rabbit IgG H&L 

secondary antibody. The membrane was visualized and then imaged using image 

quant LAS 4000 (GE Healthcare Life Sciences). Exo marker, TSG101, was used as 

control (housekeeping) antigens.  

3.2.7. Evaluation of the in vitro cellular uptake of collected Exos 

The cellular uptake of different Exos derived from the donor B16BL6 

melanoma cell line was evaluated in autologous B16BL6 cells and in the allogeneic 

colon cancer cell line C26 as previously described in chapter II. After 24 h incubation 

of cell seeding cells, PKH67-labeled Exos were added to the cultured cells to a final 

concentration of 2 µg Exo protein/mL. After a further 2-4 h incubation, cells were 

harvested and Exo uptake was evaluated via  flow cytometry analysis using a Gallios 

flow cytometer (Beckman Coulter) and confocal laser scanning microscopy at 63x 

magnification using LSM 700 (ZEISS) (Morelli et al., 2004; Parolini et al., 2009; 

Ekstrom et al., 2012; Holder et al., 2016). 

To study the contribution of surface proteins to Exo uptake, the inhibitory 

effect of different Abs against major Exo surface proteins (anti-CD9, anti-annexin-

A2, anti-flotillin-1 and anti-EGF Abs) on Exo uptake was evaluated. Prior to Exo 

incubation with the cultured cells, labeled Exos were mixed with the selected Abs in a 

ratio 1:1 µg Exo protein:µg Ab and then incubated at 4 ºC for 2 h. To study the Exo 

uptake mechanism, the inhibitory effect of different uptake inhibitors on Exo uptake 
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was evaluated, including cytochalasin D (0.5 -10 µM), CPZ (5-50 µM), amiloride 

hydrochloride (100- 1000 µM), filipin complex (1-10 µg/mL) and sucrose (0.45 M). 

Each uptake inhibitor blocks one or more uptake pathway (Dutta and Donaldson, 

2012; Mulcahy et al., 2014); cytochalasin D blocks phagocytosis, macropinocytosis 

and other endocytic pathways via disrupting actin polymerization (Cooper, 1987; 

Sampath and Pollard, 1991; Fujimoto et al., 2000), CPZ inhibits clathrin-dependent 

endocytosis by interfering with the assembly of clathrin in plasma membrane (L. H. 

Wang et al., 1993), sucrose non-specifically blocks clathrin-dependent endocytosis 

(Carpentier et al., 1989), amiloride inhibits macropinocytosis by hindering Na
+
/H

+
 

exchange (Koivusalo et al., 2010) and filipin inhibits lipid raft-mediated endocytosis 

via cholesterol sequestering action (Auriac et al., 2010). First, the Countess II 

automated cell counter (Thermo Fisher Scientific Inc., MA, US) was adopted to 

evaluate cell viability after adding these inhibitors by staining cells with trypan blue 

dye. The uptake experiment was continued with inhibitor concentrations showing cell 

viability of not less than 80% (Fig. 3.1). Prior to the incubation of labeled Exos with 

the cultured cells, they were pre-incubated for 30 min at 37°C for 4 h with different 

concentrations of inhibitors. To evaluate whether Exo internalization is energy-

dependent, the incubation was also done at 4°C for 2 h. 

3.2.8. Statistical analysis 

All values were expressed as mean ± S.D. Statistical analysis was performed 

via an unpaired t test using Graphpad Prism 6.01 software (GraphPad Software Inc., 

CA, US). The level of significance was set at p < 0.05.  
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Figure 3.1. Effect of the uptake inhibitor concentration on cell viability of 

B16BL6 and C26. 

B16BL6 (A) and C26 (B) cancer cell lines were incubated in presence of 

different concentrations of each uptake inhibitor and then cell viability was evaluated 

via a Countess II automated cell counter after staining cells with trypan blue dye. The 

cell viability was calculated as a relative percentage compared to untreated cells. All 

data represent the mean ± SD. 
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3.3. Results 

3.3.1. In vitro cellular uptake study 

The cellular uptake of Exos collected after 48 h incubations was studied under 

either normal conditions (exo-N) or after stimulation with 1 mM HSPC-based 

liposomes (exo-S1) and 0.05 mM DOPE-based liposomes (exo-S2). The uptake of 

exo-S1 was lower than that of exo-N and exo-S2 (Figs. 2.11 and 2.12).  

3.3.2. Analysis of Exo proteins 

Many previous studies have reported the contribution of exosomal surface 

proteins to their cellular uptake, and have suggested their potential as drug delivery 

vehicles (Mulcahy et al., 2014; Batrakova and Kim, 2015, 2016). Accordingly, 

protein analysis of the collected Exos was conducted using three different techniques; 

shotgun analysis, SDS-PAGE and Western blotting. Shotgun analysis was performed 

to identify common exosomal markers (Table 3.1). Detected proteins were divided 

into four categories; tetraspanins, heat shock proteins, enzymes and others. Several 

common exosomal markers such as CD63, CD81, HSP90 and TSG101 were shared 

by all collected Exos. However, several other proteins such as CD9, lactate 

dehydrogenase A (LDHA), flotillin-1, annexin-A2, epidermal growth factor (EGF), 

lysosomal membrane glycoprotein A (LAMP-2), niemann-pick disease type C1 

(NPC1) and clathrin light chain were not detected in exo-S1. To further examine the 

differential expression of exosomal marker proteins, SDS-PAGE and Western blotting 

were carried out. SDS-PAGE demonstrated that all Exos samples shared most of main 

protein bands. But some proteins were missing in exo-S1 samples, especially in the 

tetraspanin region at 25 kDa (Fig. 3.2). Exosomal proteins that might contribute to 

Exo uptake (CD9, annexin-A2, flotillin-1 and EGF) were then screened for by 

Western blotting analysis. As shown in Fig. 3.3, these proteins were detected at 25, 35 
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Table 3.1. Identification of Exo markers via shotgun analysis  
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Figure 3.2. Analysis of Exo proteins by SDS PAGE 

Exo proteins in each sample (exo-N, exo-S1 and exo-S2) were 

electrophoretically separated and then stained by Coomassie brilliant blue dye 

(0.05%). M, molecular weight marker. 

 

 

Figure 3.3. Identification of Exo marker proteins by Western blotting 

Exo proteins in each sample (exo-N, exo-S1 and exo-S2) were 

electrophoretically separated and then blotted in presence of different Abs, including 

anti-CD9, anti-flotillin-1, anti-annexin-A2, anti-EGF and anti-TSG101. TSG101 was 

used as a reference (housekeeping) protein. 

Proteins  

(MW, kDa) 
exo-N exo-S1 exo-S2 

CD9 25  

Annexin-A2 35 
 

Flotillin-1 47 
 

EGF cleaved form 1 51  

EGF cleaved form 2 6 
 

TSG101 47 
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and 47 kDa corresponding to CD9, annexin-A2 and flotillin-1, respectively, in exo-N 

and exo-S2 (but not exo-S1) samples. In addition, in exo-N and exo-S2 samples, EGF 

showed bands at both 51 and 6 kDa, likely cleaved forms of pro-EGF (122.88 kDa). 

Interestingly, in exo-S1 samples, these proteins were absent or present at very low 

levels. It is worth noting that TSG101 (band at 47 kDa) was expressed equally in all 

Exos I tested confirming that equal amounts of Exos were loaded for electrophoretic 

separation. These results indicate that liposome stimulation caused changes in protein 

expression in derived Exos.  

3.3.3. Contribution of Exo surface proteins to Exo uptake 

The expression of EGF and flotillin-1 was higher in exo-N than exo-S2 

samples, while annexin-A2 was higher in exo-S2. In addition, samples from both Exo 

types expressed CD9 to a similar degree. To get more insight into the role of certain 

proteins in uptake of Exos by cancer cells, samples of Exos displaying high protein 

expression (exo-N and exo-S2, Fig. 2.11) were selected for cellular uptake inhibition 

experiments. Briefly, labeled Exos were incubated with different Abs that would 

inhibit the interaction between surface proteins on Exos and their receptors on 

recipient cells, and then their uptake by donor B16BL6 and allogeneic C26 cancer 

cells was evaluated using flow cytometry and confocal laser scanning microscopy. In 

the exo-N sample (normal Exos), anti-CD9 Ab inhibited the uptake of Exos by 

B16BL6 cells by 24.1% (Fig. 3.4A), while anti-flotillin-1 Ab inhibited the uptake of 

Exos by C26 cells by 26.7% (Fig. 3.4B). These observations were confirmed using 

confocal laser scanning microscopy, where anti-CD9 Ab and anti-flotillin-1 Abs 

decreased the accumulation of exo-N (green) into B16BL6 and C26, respectively (Fig. 

3.5). In the exo-S2 samples, anti-CD9, anti-flotillin-1 and anti-EGF Abs inhibited the 

uptake of Exos by B16BL6 cells by 41.6%, 56.8% and 66.4%, respectively (Fig. 
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3.6A). Similarly, confocal microscopy showed the decrease in the internalization of 

exo-S2 (green) into B16BL6 (Fig. 3.7). Interestingly, anti-flotillin-1 and anti-EGF 

Abs substantially restricted the uptake by C26 by 61.8% and 50.1%, respectively, 

while anti-CD9 Ab did not inhibit the uptake by C26 (Fig. 3.6B). Confocal 

microscopy confirmed that anti-flotillin-1 and anti-EGF Abs inhibited the uptake of 

exo-S2 by C26 (Fig. 3.7). These results suggest that different surface markers may be 

involved in the uptake of Exos by different cells. 

3.3.4. Exo uptake mechanism 

There have been a number of investigations into the mechanisms behind Exo 

uptake, in efforts to improve exosome-based drug delivery systems (Mulcahy et al., 

2014). Since exo-N and exo-S2 showed differences in protein expression (Fig. 3.3) 

and cellular uptake (Figs. 3.4, 3.5, 3.6 and 3.7), the mechanism mediating their 

uptake was further investigated.   

Uptake of exo-N by B16BL6 cells or C26 cells were strongly inhibited at 4°C, 

compared to normal conditions (37°C) (Figs. 3.8 and 3.9). Similarly, uptake of exo-

S2 by B16BL6 cells or C26 cells were strongly inhibited at 4°C, compared to normal 

conditions (37 °C) (Figs. 3.8 and 3.9). These results suggest that the uptake of exo-N 

and exo-S2 by either B16BL6 cells or C26 cells was mediated by energy-dependent 

processes. The uptake mechanism was further studied using several chemical 

inhibitors. The uptake of exo-N by both B16BL6 cells and C26 cells was inhibited by 

cytochalasin D, CPZ and amiloride in a concentration-dependent manner (Figs. 3.10A, 

3.10B, 3.11 and 3.12). The uptake of exo-N by both cell lines was also inhibited in 

the presence of filipin and sucrose (Figs. 3.10A, 3.10B, 3.11 and 3.12). These results 

indicate that exo-N were taken up by either B16BL6 cells or C26 cells via 

phagocytosis, clathrin-mediated endocytosis, lipid raft-mediated endocytosis and/or 
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macropinocytosis. In the uptake of exo-S2 by either B16BL6 cells or C26 cells, 

similar tendencies on inhibitory effect of various inhibitors were observed (Figs. 

3.13A, 3.13B, 3.14 and 3.15). The uptake by B16BL6 or C26 cells was inhibited by 

cytochalasin D, CPZ, amiloride, filipin and sucrose (Figs. 3.13A, 3.13B, 3.14 and 

3.15). These results indicate that the exo-S2 was also taken up by either B16BL6 cells 

or C26 cells via the same mechanisms as observed with exo-N. It is noteworthy that 

the impact of inhibitors on the uptake of both exo-N and exo-S2 was entirely stronger 

to B16BL6 cells than to C26 cells (Figs. 3.10 and 3.13). This may suggest that 

B16BL6 cells highly interact with these Exos somehow via Exo specific surface 

protein and thus aggressively internalize them in vitro.  
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Figure 3.4. Identifying the role of certain marker proteins in the uptake of exo-N 

by donor cells B16BL6 and other allogeneic cells C26 via flow cytometry analysis.  

Labeled exo-N were incubated with different Abs in a ratio 1:1 for 2 h at 4 °C 

and then added to different cancer cell lines, namely B16BL6 (A) and C26 (B). After 

4 h incubation, cancer cells were harvested for analysis by flow cytometry. All data 

represent the mean ± SD of triplicates. An unpaired t test was applied for each value 

relative to untreated cancer cells, asterisks indicate different levels of significant 

difference; * p <0.05. 
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Figure 3.5. Identifying the role of certain marker proteins in the uptake of exo-N 

by donor cells B16BL6 and other allogeneic cells C26 via confocal laser scanning 

microscopy.  

Labeled exo-N were incubated with different Abs in a ratio 1:1 for 2 h at 4 °C 

and then added to different cancer cell lines. After 4 h incubation, cancer cells were 

imaged by laser scanning confocal microscope after staining the DNA core with 

Hoechst 33342. All data represent one set of triplicates. Exos were labeled with 

PHK67 (green) and the DNA core was stained with Hoechst 33342 (blue). Scale bar 

indicates 20 µm.  
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Figure 3.6. Identifying the role of certain marker proteins in the uptake of exo-S2 

by donor cells B16BL6 and other allogeneic cells C26 via flow cytometry analysis.  

Labeled exo-S2 were incubated with different Abs in a ratio 1:1 for 2 h at 4 °C 

and then added to different cancer cell lines, namely B16BL6 (A) and C26 (B). After 

4 h incubation, cancer cells were harvested for analysis by flow cytometry. All data 

represent the mean ± SD of triplicates. An unpaired t test was applied for each value 

relative to untreated cancer cells, asterisks indicate different levels of significant 

difference; * p <0.05 and ** p < 0.01. 
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Figure 3.7. Identifying the role of certain marker proteins in the uptake of exo-S2 

by donor cells B16BL6 and other allogeneic cells C26 via confocal laser scanning 

microscopy.  

Labeled exo-S2 were incubated with different Abs in a ratio 1:1 for 2 h at 4 °C 

and then added to different cancer cell lines. After 4 h incubation, cancer cells were 

imaged by laser scanning confocal microscope after staining the DNA core with 

Hoechst 33342. All data represent one set of triplicates. Exos were labeled with 

PHK67 (green) and the DNA core was stained with Hoechst 33342 (blue). Scale bar 

indicates 20 µm.  
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Figure 3.8. Identifying the effect of temperature on Exo uptake by donor cells 

(B16BL6) and allogeneic cells (C26) via flow cytometry analysis.  

Labeled samples of exo-N and exo-S2 were incubated with different cancer 

cell lines at 4°C or 37°C. After 2 h incubation, cancer cells were harvested for 

analysis by flow cytometry. All data represent the mean ± SD of triplicates. An 

unpaired t test was applied for each value relative to untreated cancer cells (*** p < 

0.001).  
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Figure 3.9. Identifying the effect of temperature on Exo uptake by donor cells 

(B16BL6) and allogeneic cells (C26) via confocal laser scanning microscopy. 

Labeled samples of exo-N and exo-S2 were incubated with different cancer 

cell lines at 4°C or 37°C. After 2 h incubation, cancer cells were imaged by laser 

scanning confocal microscope after staining the DNA core with Hoechst 33342 (B). 

All data represent one set (B) of triplicates. Exos were labeled with PHK67 (green) 

and the DNA core was stained with Hoechst 33342 (blue). Scale bar indicates 20 µm.  
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Figure 3.10. Identifying the uptake mechanisms for exo-N internalization by 

donor cells B16BL6 and other allogeneic cells C26 via flow cytometry analysis. 

B16BL6 (A) and C26 (B) cancer cell lines were incubated in the presence of 

different uptake inhibitors for 30 min and then labeled exo-N were added. After 4 h 

incubation, cancer cells were harvested for analysis by flow cytometry. All data 

represent the mean ± SD of triplicates. An unpaired t test was applied for each value 

relative to untreated (NT) cancer cell, asterisks indicate different levels of significant 

difference; * p <0.05, ** p < 0.01 and *** p < 0.001. NT, untreated cancer cells.  
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Figure 3.11. Identifying the uptake mechanisms for exo-N internalization by 

donor cells B16BL6 via confocal laser scanning microscopy.  

B16BL6 cancer cells were incubated in the presence of different uptake 

inhibitors for 30 min and then labeled exo-N were added. After 4 h incubation, cancer 

cells were imaged by laser scanning confocal microscopy after staining the DNA core 

with Hoechst 33342. All data represent one set of triplicates. Exos were labeled with 

PHK67 (green) and the DNA. Scale bar indicates 20 µm. 
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Figure 3.12. Identifying the uptake mechanisms for exo-N internalization by 

allogeneic cells C26 via confocal laser scanning microscopy.  

C26 cancer cells were incubated in the presence of different uptake inhibitors 

for 30 min and then labeled exo-N were added. After 4 h incubation, cancer cells were 

imaged by laser scanning confocal microscopy after staining the DNA core with 

Hoechst 33342. All data represent one set of triplicates. Exos were labeled with 

PHK67 (green) and the DNA. Scale bar indicates 20 µm. 
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Figure 3.13. Identifying the uptake mechanisms for exo-S2 internalization by 

donor cells B16BL6 and other allogeneic cells C26 via flow cytometry analysis. 

B16BL6 (A) and C26 (B) cancer cell lines were incubated in the presence of 

different uptake inhibitors for 30 min and then labeled exo-S2 were added. After 4 h 

incubation, cancer cells were harvested for analysis by flow cytometry. All data 

represent the mean ± SD of triplicates. An unpaired t test was applied for each value 

relative to untreated (NT) cancer cell, asterisks indicate different levels of significant 

difference; * p <0.05, ** p < 0.01 and *** p < 0.001. NT, untreated cancer cells.  
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Figure 3.14. Identifying the uptake mechanisms for exo-S2 internalization by 

donor cells B16BL6 via confocal laser scanning microscopy.  

B16BL6 cancer cells were incubated in the presence of different uptake 

inhibitors for 30 min and then labeled exo-S2 were added. After 4 h incubation, 

cancer cells were imaged by laser scanning confocal microscopy after staining the 

DNA core with Hoechst 33342. All data represent one set of triplicates. Exos were 

labeled with PHK67 (green) and the DNA. Scale bar indicates 20 µm. 
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Figure 3.15. Identifying the uptake mechanisms for exo-S2 internalization by 

allogeneic cells C26 via confocal laser scanning microscopy.  

C26 cancer cells were incubated in the presence of different uptake inhibitors 

for 30 min and then labeled exo-S2 were added. After 4 h incubation, cancer cells 

were imaged by laser scanning confocal microscopy after staining the DNA core with 

Hoechst 33342. All data represent one set of triplicates. Exos were labeled with 

PHK67 (green) and the DNA. Scale bar indicates 20 µm. 
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3.4. Discussion 

In this chapter, I found that Exos incubated with different liposome 

preparations expressed different types of proteins (Table 3.1). Among the three types 

of Exos I tested, exo-S1 showed the lowest level of protein expression and lacked 

several Exo marker proteins (Fig. 3.3). CD9, annexin-A2, flotillin-1 and EGF are 

known to contribute to Exo uptake by target cells via various mechanisms (Morelli et 

al., 2004; Glebov et al., 2006; Feng et al., 2010; T. Tian et al., 2010; Liu et al., 

2011; Montecalvo et al., 2012; Meister and Tikkanen, 2014; Mulcahy et al., 2014; 

S. Wang et al., 2016b; French et al., 2017). The lack of relevant proteins in the exo-

S1 might be related to the low levels of Exo uptake by the donor cancer cell line (Figs. 

2.11 and 2.12). Heterogeneous collections of Exos, each with different protein 

expression, may contribute to the differences in apparent uptake mechanisms 

observed in this study (Figs. 3.10-3.15) and various other studies (Mulcahy et al., 

2014; van Dongen et al., 2016; French et al., 2017). My current study showed that 

liposome incubation with donor cells, depending on liposome composition, can lead 

to substantial changes in the protein expression in the Exos, although the mechanism 

for this is unknown. My finding suggests a reliable method to control the 

characteristics of derived Exos by changing physicochemical property of liposomes 

used for incubation with the donor cells, allowing the fine-tuning of induced Exos. 

 The current study indicated that, not only a single exosomal marker protein, 

but several proteins are involved in the interaction of Exos with cancer cells (Figs. 

3.4-3.7) and the subsequent cellular uptake of Exos (Figs. 3.8-3.15). As I showed in 

this study, the involvement of CD9, flotillins and EGF in the adhesion and targeting 

of Exos to the recipient cells has been highlighted in a number of previous reports 

(Morelli et al., 2004; Otto and Nichols, 2011; Ohno et al., 2013; Banning et al., 

2014). Morelli and colleagues illustrated that Exos taken up by bone marrow dendritic 
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cells is mediated by CD9 (Morelli et al., 2004). Flotillin-1, lipid raft marker of Exos, 

is involved in the clathrin-independent endocytosis pathway (Otto and Nichols, 

2011; Banning et al., 2014). Furthermore, EGF-positive Exos are efficiently 

internalized by breast cancer cells in an EGFR-dependent manner (Ohno et al., 2013). 

Although the contribution of other proteins, not investigated in this study, to the Exo 

interaction with recipient cells should not be excluded, the exosomal interaction 

seems to follow a general pattern already reported.  

Of note, in the interaction of exo-S2 samples with the donor cell line 

(B16BL6) or an unrelated cell line (C26), different marker proteins contributed to the 

interaction of the Exos with the recipient cell lines, i.e., CD-9, flotillin-1 and EGF for 

B16BL6 cells, and flotillin-1 and EGF for C26 cells (Figs. 3.6 and 3.7). This finding 

indicates that different cells may recognize Exos via different Exo surface markers. 

Hence, the specificity of Exos for target cells may be determined not only by 

characteristics such as the expression pattern of surface marker proteins on the 

induced Exos but also by the expression pattern of the membrane receptors on the 

surface of the recipient cells. It has been reported that the Exos that are released by 

cancer cells (Tickner et al., 2014) can promote tumor development and are involved 

in mediating intercellular communication within the tumor microenvironment 

(Tickner et al., 2014; Whiteside, 2016). Despite the expected predominance of 

cancer-derived Exos in tumors, several studies have indicated poor in vivo tumor 

targetability of tumor-derived Exos (Ohno et al., 2013; Y. Tian et al., 2014b; T. 

Smyth et al., 2015). Differential protein expression, as well as rapid clearance, may 

account for poor targetability of Exos in vivo (Ohno et al., 2013; Y. Tian et al., 

2014b; T. Smyth et al., 2015).   
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Confocal laser scanning microscopy allowed visualizing the internalization of 

Exo samples into B16BL6 or C26 cells in the absence of inhibitory Abs (Figs. 3.5 

and 3.7). The result (Figs. 3.8 and 3.9) indicates that the internalization is an energy-

dependent process, consistent with other studies (Morelli et al., 2004; T. Tian et al., 

2010; Escrevente et al., 2011). Several endocytosis inhibitors significantly reduced, 

but didn’t completely inhibit, the uptake of Exos in this study (Figs. 3.10 and 3.13). 

Taken together, these results suggest that the endocytosis of Exos occurs through 

more than one mechanism, again consistent with previous studies (Feng et al., 2010; 

T. Tian et al., 2010; Escrevente et al., 2011). The heterogeneity of Exo samples may 

be one reason for the differential uptake (internalization), in addition to the lack of 

single clear uptake mechanism. It is possible that a population of Exos can be taken 

up into cells via a number of different entry pathways with the initial entry steps 

depending on the cell type and Exo composition.   

Endocytosis inhibitors inhibited the uptake of exo-N and exo-S2 to a greater 

degree in donor B16BL6 cells than in C26 cells (Figs. 3.10 and 3.13). This may 

suggest that donor cells interact strongly with the Exo samples via their surface 

marker proteins, which in turn trigger rapid internalization. It has been reported that 

the uptake of Exos in vitro occurs as early as 15 min after addition (Feng et al., 2010), 

depending on cell type. Exos may bind to “autocrine” receptors on donor cells that 

trigger rapid internalization, although further studies would be required to show this. 

Nowadays, there is interest in applications of Exos as vehicles for the delivery 

of therapeutics to diseased cells (Alvarez-Erviti et al., 2011; Zhuang et al., 2011; 

Ohno et al., 2013; Y. Tian et al., 2014b; Batrakova and Kim, 2015; Haney et al., 

2015). However, their use is presently restricted by low Exo yields and Exo 

heterogeneity, leading to low targetability. In the chapter II, I showed how the release 
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of Exos from donor cancer cells is increased when they are incubated with liposome 

preparations of varying compositions. In the current study, I report that incubating the 

donor cancer cells with liposome preparations changes the protein content in the 

induced Exos, which raises the possibility of fine tuning Exo properties and making 

them more useful in drug delivery applications. Accordingly, my strategy, to employ 

and select liposome preparations as stimulators for the production of Exos expressing 

different surface protein markers, may be useful for engineering Exos for selective 

targeting to different diseases. 
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4.1. Background 

Exos have several promising characteristics highlighting their potential 

exploitation in drug delivery (Johnsen et al., 2014). However, unpredictable Exo 

(EV) biodistribution and poor specific cell-targeting of systemically administered 

Exos (EVs) hinders their implication in drug delivery to tumor (Tominaga et al., 

2015; Vader et al., 2016). In addition, Exos (EVs) are supposed to have a privileged 

immune response through bypassing the clearance by MPS because of their 

endogenous origin particularly allogeneic Exos (EVs). However, recent investigations, 

along with my current observations, oppose this assumption. Systemically 

administered Exos (EVs) are found to be rapidly cleared from blood circulation 

(Takahashi et al., 2013; Lai et al., 2014; T. Smyth et al., 2015). Therefore, 

solutions of this hurdle are of utmost importance to expand Exo (EV) implications in 

drug delivery. Accordingly, to overcome the short circulation time and/or off target 

effect of Exos (EVs), Exo (EV) modification is emerged via several approaches 

(Ohno et al., 2013; Y. Tian et al., 2014b; S. A. A. Kooijmans et al., 2016; 

Armstrong et al., 2017; Gilligan and Dwyer, 2017; Y. Wang et al., 2017). 

One of the popular approaches for Exo (EV) modifications is Exo (EV) 

decoration with targeting ligands via transfecting their donor cells. Despite of its 

effectiveness, it is time-consuming process and restrained by challenging technical 

difficulties (Hung and Leonard, 2015). Another potential approach is coating Exo 

surface with polyethylene glycol (PEG), PEGylation. The latter is considered one of 

the ubiquitous approaches to prolong the circulation time of the nanoparticles 

(including natural ones) and reduce their immunogenicity (Allen et al., 1991; S. A. A. 

Kooijmans et al., 2016; Suk et al., 2016). This approach is characterized by its 

simplicity and PEG safety. In addition, it is amenable for modification by targeting 
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ligands in what called post-insertion strategy (Ishida et al., 1999; Allen et al., 2002; 

Moreira et al., 2002). Unfortunately, PEGylation of Exos (EVs) doesn’t produce any 

remarkable change in their targeting to tumor, despite extending the circulation time 

of Exos (EVs) (S. A. A. Kooijmans et al., 2016). Therefore, I believe that there is 

still a missed key factor to fruitfully exploit PEGylated Exos (EVs) in cancer therapy. 

Presumably, this missed puzzle piece is closely related to cell-type tropism, 

autologous Exos (EVs). Accordingly, in this study, autologous and allogeneic cancer 

cell-derived Exos with/without PEGylation, were investigated to evaluate their in 

vitro uptake by cancer cells as well as their biodistribution in murine colorectal tumor-

bearing mice. In addition, I evaluated the efficiency of PEGylated autologous cancer 

cell-derived Exos in targeting either cancer cells or tumor-infiltrating immune cells to 

reveal whether Exos can be employed as DDS for various cancer therapeutic 

strategies including chemotherapy, gene therapy, immunotherapy and cancer vaccines. 
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4.2. Materials and Methods 

4.2.1. Materials and antibodies 

1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine Iodide (DiR; 

DiIC18(7)), 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI; 

DiIC18(3)), F4/80 monoclonal antibody (BM8, eFluor 660, eBioscience™) and CD11c 

monoclonal antibody (N418, FITC, eBioscience™) were purchased from Thermo Fisher 

Science, (MA, US). CD3 antibody (17A2, APC) was purchased from BioLegend (CA, 

US). IgM antibody (A135FS, FITC) was purchased from American Qualex (CA, US). 

The reagents, mPEG2000-DSPE, PKH67 Green Fluorescent Cell Linker kit, exo-FBS and 

FBS, are previously described in the chapter II.  All other reagents were of analytical 

grade. 

4.2.2. Experimental animals and cell lines 

BALB/c mice (male, 5 weeks old) were purchased from Japan SLC (Shizuoka, 

Japan). The experimental animals were allowed free access to water and mouse chow, 

and were housed under controlled environmental conditions (constant temperature, 

humidity, and a 12-h dark–light cycle). All animal experiments were evaluated and 

approved by the Animal and Ethics Review Committee of Tokushima University. 

C26 and B16BL6 were supplied, maintained and cultured as previously 

described in the chapter II. 

4.2.3. Collection and PEGylation of Exos 

Both cell lines were adopted for collecting Exos, C26-Exos from C26 and 

B16BL6-Exos from B16BL6, as previously described in the chapter II. PEGylation of 

Exos was conducted after Exo labeling step via co-incubation of labeled Exos with 

PEG micelles. Briefly, PEG micelles were prepared via dissolving mPEG2000-DSPE 
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in PBS. Then, Exos were incubated at 37 °C for 1 h in the presence of different ratios 

of PEG micelles (µg Exo protein : µg PEG lipid). 

4.2.4. Evaluation of the in vitro cellular uptake of collected Exos 

The cellular uptake of both Exo types (C26-Exos and B16BL6-Exos) was 

evaluated via two cancer cell lines, C26 and B16BL6, using a flow cytometer as 

previously described in the chapter II. 

4.2.5. Evaluation of biodistribution and tumor accumulation of Exos in tumor-

bearing mice 

The biodistribution and tumor accumulation of both Exo types was evaluated 

using C26 tumor-bearing BALB/c mice. To track Exo biodistribution, DiR and DiI 

were employed for Exo labeling according to the manufacturer’s protocol. Both dyes 

were incorporated to Exos at a final concentration 0.5 % (µg dye/µg Exo protein) via 

incubation at 37 °C for 1 h and then Exos were washed twice with PBS. To evaluate 

Exo biodistribution in C26 tumor-bearing mice, C26 cells (2 × 10
6
 cell/200 μL PBS) 

were subcutaneously inoculated into the back region of 5-week-old male BALB/c 

mice. Tumor bearing mice were divided into five cohorts; one with PBS (control), two 

treated with non-PEGylated Exos (C26-Exos and B16BL6-Exos) and two treated with 

PEGylated Exos (PEGylated C26- Exos and PEGylated B16BL6-Exos). For the 

treated groups, on the day 9 post-inoculation, a dose (70 µg/200 μl PBS/mouse) of 

fluorescently labeled Exos was intravenously injected via the tail vein of C26 tumor-

bearing mice. At predetermined time points post-injection (4, 8, 24, 48, 72, 96, 120, 

144 and 168 h), the mice were anesthetized and then the biodistribution of DiR-labled 

Exos was visualized using an in vivo imaging system (IVIS, Xenogen, CA, US). To 

evaluate tumor accumulation of Exos, mice were sacrificed after 24 h of Exo injection 

and then tumor tissue was collected. The accumulation of DiR-labeled Exos in the 
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collected tumors was monitored via ex vivo imaging using IVIS. In addition, tumor 

cells were harvested from the collected tumors and then the uptake of DiI-labeled 

Exos by these cells was evaluated via flow cytometry analysis using a specified gate 

for tumor cells. 

4.2.6. Evaluation of Exo uptake by tumor-infiltrating immune cells 

The uptake of both Exo types by tumor-associated immune cells was evaluated 

using C26 tumor-bearing BALB/c mice. Briefly, DiI-labeled PEGylated Exos (70 

µg/200 μl PBS/mouse) were intravenously injected via the tail vein of tumor-bearing 

mice. At 24 h post-injection, C26 tumors were collected and then tumor-associated cells 

were harvested. The uptake of DiI-labeled Exos by each cell population was measured 

using a flow cytometer adjusted for a specified gate of tumor-associated immune cells 

after labeling with fluorescently labeled antibodies such as F4/80, CD3, CD11c and IgM 

for tumor-associated macrophage (TAM), T cell, dendritic cell (DC) and B cell, 

respectively.  

4.2.7. Statistical analysis 

Statistical analysis was performed via either an unpaired t test or an one way 

ANOVA test (Tukey’s test) using Graphpad Prism 6.01 software (GraphPad Software 

Inc., CA, US). The level of significance was set at p<0.05.   
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4.3. Results 

4.3.1. In vitro cross uptake of unmodified Exos 

Currently, the potential use of cancer cell-derived Exos as drug delivery 

platform in cancer therapy is extensively investigated. The growing interest of that 

emerging field is driven by the innate ability of Exos to move from cell to cell 

transferring their cargo. That substantial ability is fundamentally determined by the type 

of donor and recipient cells (Mulcahy et al., 2014; Hoshino et al., 2015). To 

investigate such factor, a cross uptake of different types of Exos by different cancer 

cells was conducted. In this study, two types of Exos, C26-Exos and B16BL6-Exos, 

were individually incubated with two types of cancer cells, C26 and B16BL6, under the 

same experimental conditions. 

Fig. 4.1 showed that the uptake of C26-Exos with C26 was higher than that with 

B16BL6, in values of 31.14 % and 23.55 %, respectively. While, the uptake of 

B16BL6-Exos with C26 was lower than that with B16BL6, in values of 42.62 % and 

59.58 % respectively. On the other hand, within each cancer cell type, the uptake of 

B16BL6-Exos was higher than that of C26-Exos. These observations reveal the 

predominant uptake of cancer cell-derived Exos by autologous cells, compared with 

other allogeneic cells. In addition, the uptake propensity of B16BL6-Exos is more 

prominent than C26-Exos, regardless of the type of target cancer cell. 

4.3.2. PEGylation of Exos 

PEGylation is one of the predominant strategies for coating different 

nanoparticles to evade their clearance by MPS and extend their circulation time 

(Allen et al., 1991; Jokerst et al., 2011; Suk et al., 2016). To determine which 

concentration of PEG micelles could efficiently coat Exo surface, PEG-lipid micelles 

with three different concentrations were applied to both types of Exos. PEG layer has 
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been known to mask the surface of nanoparticles, hinder the contact between 

nanoparticles and target cells in vitro and accordingly restrict the cellular uptake of 

nanoparticles in vitro. The efficient level of PEG coating to Exos was evaluated on the 

basis of the resulted inhibition in their uptake by autologous cells.   

Fig. 4.2 illustrated that all the tested ratios inhibited Exo uptake for both Exo 

types. The observed decrease in C26-Exo uptake was by 79.81 %, 83.95 % and 

82.77 % for (1:10), (1:50) and (1:100) ratios respectively, while these ratios caused an 

inhibition in B16BL6-Exos by 89.43 %, 94.43 % and 90.36 % respectively. No 

significant difference in Exo particle size was detected after PEGylation, the particle 

size was about 200 nm (Fig. 4.3). These data imply that mPEG2000-DSPE micelles can 

efficiently mask Exo surface under current experimental condition. Conclusively, the 

ratio (1:50) was selected for Exo PEGylation in further study. 

4.3.3. Biodistribution of non-PEGylated and PEGylated Exos in tumor-bearing 

mice 

PEGylation is a well-established strategy in enhancing nanoparticle delivery to 

tumor through the enhanced permeation and retention (EPR) effect via bypassing the 

MPS clearance and extending the circulation time of nanoparticles (Allen et al., 1991; 

Jokerst et al., 2011; Suk et al., 2016). Accordingly, I hypothesized that PEGylation 

of Exos will result in similar effects in vivo. To determine whether Exos with/without 

PEGylation could be employed for tumor delivery, biodistribution of Exos was 

evaluated in a tumor-bearing mouse. A C26 tumor model was selected due to its high 

vascular permeability. In this study, four types of DiR-labeled Exos, namely C26-

Exos, B16BL6-Exos and their PEGylated forms, were intravenously injected in the 

tail vein of C26 tumor-bearing mice. Then their tumor accumulation was monitored 

using IVIS at the predetermined time points. 
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Figure 4.1. In vitro cross uptake of unmodified Exos 

Two types of PKH67- labeled Exos, C26-Exos and B16BL6-Exos, were 

individually incubated with two cancer cell lines, C26 and B16BL6. After 4 h-

incubation, cells were harvested and analyzed using a flow cytometer to evaluate Exo 

uptake %.  All data represent the mean ± SD. An one way ANOVA test (Tukey’s test) 

was applied. ** p < 0.01 and *** p < 0.001. 
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Figure 4.2. In vitro uptake of Exos before and after PEGylation 

Two types of PKH67- labeled Exos, C26-Exos and B16BL6-Exos, were 

PEGylated using different PEG ratios and then incubated with autologous cells. After 

4 h-incubation, cells were harvested and analyzed using a flow cytometer to evaluate 

Exo uptake %. All data represent the mean ± SD. An one way ANOVA test 

(Dunnett’s test) was applied for each Exo type by comparing each PEG ratio with 

non-PEGylated treated group. *** p < 0.001. 
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Figure 4.3. Size distribution of Exos versus PEGylated Exos 

Two types of Exos, C26-Exos (A) and B16BL6-Exos (B), were PEGylated via 

incubating with PEG micelles in a ratio 1:50 (µg Exo protein : µg PEG lipid) and then 

particle size of either non-PEGylated or PEGylated Exos was evaluated using a 

zetasizer Nano ZS.  

A) 

B) 
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Figs. 4.4 and 4.5 demonstrated that both of non-PEGylated C26-Exos and 

B16BL6-Exos were rapidly cleared from blood circulation and did not show any 

detectable fluorescence in C26 tumor tissue. These results indicate that both 

unmodified autologous and allogeneic cancer cell-derived Exos can’t target tumor 

tissue due to rapid clearance by MPS. On the other hand, PEGylated forms of both 

Exo types showed a remarkable fluorescence signal in C26 tumor tissue (Figs. 4.4 

and 4.5), indicating the accumulation of these types within C26 tumor tissue. The 

fluorescence signal of both of Exo types within C26 tumor tissue increased with time 

until reaching its peak at 48 h post-injection. The fluorescence of these accumulated 

Exos remained detectable at tumor site up to 7 days post-injection. Intriguingly, at all 

the predetermined time points, the fluorescence signal of PEGylated C26-Exos at C26 

tumor site was more prominent than that of PEGylated B16BL6-Exos. These 

observations elucidate that PEGylation of cancer cell-derived Exos enhances their 

accumulation and retention within tumor tissue. This enhancing effect may be more 

predominant with PEGylated autologous Exos than PEGylated allogeneic Exos, 

probably due to the cell-type tropism.  

4.3.4. Tumor accumulation and tumor cell uptake of PEGylated Exos 

To further investigate the propensity of PEGylated Exos to accumulate within 

C26 tumor and their uptake by tumor cells, tumors from the treated mice were 

collected and further analyzed via ex vivo imaging and flow cytometry analysis. In 

this study, two different fluorescent dyes (DiR and DiI) were employed to label 

PEGylated Exos. For ex vivo imaging study, on Day 1, 2, 4 and 7 post-injection, the 

tumors were collected and monitored using IVIS to evaluate the accumulation of DiR-

labeled Exos. For flow cytometry study, at 24 h post-injection, tumors were collected 
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and then tumor cells were harvested and examined using a flow cytometer to evaluate 

the uptake of DiI-labeled Exos. 

The collected tumors did not show any detectable fluorescence in case of mice 

treated with PBS or non-PEGylated Exos, while show a detectable fluorescence in 

case of mice treated with PEGylated Exos (Figs. 4.6A). Furthermore, the fluorescence 

signal with PEGylated C26-Exos was entirely higher than that with PEGylated 

B16BL6-Exos (Figs. 4.6A and B). Regarding tumor cells, it was found that the Exo 

uptake by tumor cells was 1.54 ± 0.36 % and 0.02 ± 0.26 % with PEGylated C26-

Exos and PEGylated B16BL6-Exos respectively (Fig. 4.6C). These data are in 

consistence with the results of previous imaging experiment using the whole mice. 

This shows that Exo PEGylation may enhance their tumor accumulation and cell-type 

tropism may promote such enhancement. Combining these effects may address the 

poor tumor targetability of unmodified cancer cell-derived Exos. Accordingly, 

PEGylation as well as cell-type tropism may be considered promising targets in 

expanding the field of Exo-based drug delivery. 

4.3.5. PEGylated Exos as a potential delivery system to tumor-associated immune 

populations  

Cancer immunotherapy is considered one of the substantial strategies in cancer 

treatment via establishing an immunosurveillance effect in tumor microenvironment. 

To study whether PEGylated Exos could be adopted in cancer immunotherapy, the 

uptake of PEGylated Exos by certain tumor-infiltrating immune cells was evaluated. 

In this study, DiI-labeled PEGylated Exos were intravenously injected in the tail vein 

of C26 tumor-bearing mice. At 24 h post-injection, the tumors were collected and then 

tumor-associated cells were harvested and examined using a flow cytometer after 
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labeling with different fluorescently labeled antibodies for TAMs, T cells, DCs and B 

cells.    

The uptake of PEGylated C26-Exos by TAMs, T cells, DCs and B cells were 

by 0.635, 0.258, 0.018 and 0.017 % of each population, respectively (Fig. 4.7). While 

the uptake of PEGylated B16BL6-Exos by these immune cells were by 0.204, 0.105, 

0.020 and 0.023 % of each population, respectively (Fig. 4.7). These reveal that both 

types of PEGylated Exos can be taken up by these tumor-infiltrating immune cells. In 

addition, the uptake propensity of PEGylated C26-Exos by TAMs and T cells was 

higher than that of PEGylated B16BL6-Exos, while there was no significant 

difference in their uptake by DCs and B cells. Thus, PEGylation as well as cell-type 

tropism showed the ability to boost not only Exo uptake by tumor cells but also Exo 

uptake by tumor-associated immune cells. Accordingly, PEGylated Exos may be 

employed in cancer immunotherapy, especially TAMs and T cells which are 

promising targets immunotherapy (Eyileten et al., 2016; Petty and Yang, 2017; 

Zanganeh et al., 2017) because they are one of the most abundant tumor-infiltrating 

immune cells.  
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Figure 4.4. Biodistribution of C26-Exos before and after PEGylation in C26-

tumor bearing mice 

Two types of DiR- labeled Exos, C26-Exos, PEGylated C26-Exos), were 

intravenously injected into the tail vein of C26 tumor-bearing BALB/c mice. At the 

predetermined time points post-injection, the mice were anesthetized and monitored 

using IVIS to evaluate the biodistribution of Exos. All data (B, D and E) represent the 

mean ± SEM. An one way ANOVA test (Tukey’s test) was applied. ** p < 0.01. 
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Figure 4.5. Biodistribution of B16BL6-Exos before and after PEGylation in C26-

tumor bearing mice 

Two types of DiR- labeled Exos, B16BL6-Exos and PEGylated B16BL6-Exos, 

were intravenously injected into the tail vein of C26 tumor-bearing BALB/c mice. At 

the predetermined time points post-injection, the mice were anesthetized and 

monitored using IVIS to evaluate the biodistribution of Exos. All data (B, D and E) 

represent the mean ± SEM. An one way ANOVA test (Tukey’s test) was applied. *** 

p < 0.001. 
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Figure 4.6. Tumor accumulation of PEGylated Exos. 

Two types of labeled Exos, PEGylated C26-Exos and PEGylated B16BL6-

Exos, were intravenously injected into the tail vein of C26 tumor-bearing BALB/c 

mice. Then, the mice were sacrificed and then tumors were collected at the 

predetermined time points post-injection. Two fluorescent dyes were employed, DiR 

for ex vivo imaging (A and B) and DiI for flow cytometry (C). For the former, the 

collected tumors were monitored using IVIS to evaluate the accumulation of DiR-

labeled Exos. For the latter, tumor cells were harvested from the collected tumors and 

analyzed using a flow cytometer to evaluate the uptake of DiI-labeled Exos by tumor 

cells. All data (B and C) represent the mean ± SEM. An one way ANOVA test 

(Tukey’s test) was applied to compare between the two Exo types at each time point 

(B). An unpaired t test was applied for C.  * p <0.05 and *** p < 0.001. 
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Figure 4.7. PEGylated Exo delivery to certain tumor-associated immune 

populations  

Two types of DiI-labeled Exos, PEGylated C26-Exos and PEGylated 

B16BL6-Exos, were intravenously injected into the tail vein of C26 tumor-bearing 

BALB/c mice. At 24 h post-injection, tumors were collected and tumor-associated 

cells were harvested. Then, certain tumor-infiltrating immune populations were 

analyzed using a flow cytometer via labeling with different fluorescently labeled 

antibodies to TAMs, T cells, DCs and B cells to evaluate Exo uptake by each 

population. All data represent the mean ± SEM.  An unpaired t test was applied for 

each immune cell population.  *** p < 0.001.  
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4.4. Discussion 

The emerging field of Exo-based drug delivery to cancer has been widely 

studied aiming to improve the limited Exo (EV) delivery to tumor. To overcome the 

unexpected poor tumor targeting of unmodified Exos (EVs), various strategies have 

been conducted via Exo engineering (Vader et al., 2016; Barile and Vassalli, 2017). 

In this chapter, I introduced a simpler paradigm of a successful passive tumor-

targeting tool using PEGylated Exos. I hypothesized that combining PEGylation and 

cell-type tropism effects overcome the problem of poor tumor targeting. In vitro study 

indicated the possibility of a preferential Exo uptake to autologous cancer cells, 

compared to allogeneic cancer cells (Fig. 4.1). In addition, it was demonstrated the 

feasibility of Exo PEGylation using the selected ratios of PEG micelles to add (Fig. 

4.2). While, the animal study revealed that PEGylation improved Exo accumulation 

into C26 tumor (Figs. 4.4, 4.5 and 4.6). Furthermore, PEGylated autologous cancer 

cell-derived Exos have interestingly shown a preferential accumulation into C26 

tumor (Figs. 4.4, 4.5, 4.6 and 4.7) and consequently might be exploited in different 

strategies of C26 cancer treatment such as chemotherapy, gene therapy and 

immunotherapy. Accordingly, the synergism of PEGylation and cell-type tropism may 

be a potential solution for the poor tumor targeting of Exos. 

Exo-based drug delivery has been emerged as a potential approach for cancer 

therapy. This potential implementation is substantially motivated by the inherent 

ability of Exos (EVs) in mediating cell – cell communication and transferring their 

cargo to recipient cells (Colombo et al., 2014; Lo Cicero et al., 2015). Accordingly, 

understanding Exo (EV) uptake process is of utmost importance to expand this 

emerging field. In the chapter III, it was revealed that the in vitro uptake of cancer-

derived Exos is mediated by exosomal surface proteins and different uptake 
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mechanisms, which their contribution in uptake process is remarkablely influenced by 

the type of recipient cell. Along with my previous observations, it was shown that Exo 

(EV) uptake is a controversial, complicated and ambiguous process which occurs via 

various pathways and is controlled by many factors such as surface proteins, 

membrane lipid or other components of both Exos (EVs) and recipient cells 

(Mulcahy et al., 2014; Hoshino et al., 2015). Consequently, the complications and 

lack of consensus regarding Exo (EV) uptake process will hinder the implementations 

of Exo-based drug delivery. To address this problem, cell-type tropism has been 

investigated as an important factor to boost Exo (EV) internalization by their parental 

cancer cells. Presumably, cell-type tropism can ensure the matching between Exos 

(EVs) and target cells facilitating the uptake process. In this chapter, it is noticed that 

each type of cancer cell probably have avidity for their autologous Exos (Fig. 4.1). 

This is inconsistence with others’ observations which show that cell-type tropism 

confers the preponderance of cancer cell-derived Exo (EV) uptake by their parental 

cancer cells in vitro. Saari et al. indicated that prostate cancer cell-derived EVs could 

effectively deliver paclitaxel to their parental cells (Saari et al., 2015). Toda et al. 

illustrated that glioblastoma cell-derived Exos could preferentially target cancer cells 

especially their parent cells (Toda et al., 2015). Taken together, cell-type tropism is 

substantial to foster Exo (EV) uptake by cancer cell in vitro. 

The enhancing effect of cell-type tropism on Exo uptake by cancer cells in 

vitro motivated thinking how this could affect Exo delivery to tumor in vivo. 

Unfortunately, achieving that target was restricted by the MPS which has been known 

to rapidly clear nanoparticles from blood circulation. Similarly, MPS has been 

responsible for the clearance of unmodified Exos (EVs), preventing them from 

reaching the tumor site. PEGylation has been known to inhibit the binding of plasma 
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proteins to nanoparticle surface, consequently reduce nanoparticle clearance by MPS 

and increase nanoparticle circulation time (Allen et al., 1991; Jokerst et al., 2011; 

Suk et al., 2016). Accordingly, PEGylation of Exos was conducted (Fig. 4.2) to 

extend the circulation time of Exos and allow them to extravasate though the leaky 

vasculature of tumor and passively accumulate in tumor tissue via the EPR effect. The 

current study showed that the long-circulating (PEGylated) autologous and allogeneic 

cancer cell-derived Exos accumulate in C26 tumor tissue with an extended retention 

time inside tumor tissue (Figs. 4.4, 4.5 and 4.6). In addition, the results illustrate that 

cell-type tropism may help PEGylated Exos to accumulate into C26 tumor tissue 

(Figs. 4.4, 4.5 and 4.6). The effect of cell-type tropism may be responsible for the 

detected improvement in tumor targeting in this study, compared with others’ 

investigations. Kooijmans et al. revealed that PEGylation of mouse neuroblastoma 

cell-derived EVs results in a remarkable increase in their circulation time, but this 

does not result in a significant increase in their accumulation in human epidermoid 

carcinoma xenograft (S. A. A. Kooijmans et al., 2016). While Tian et al. stated that 

immature dendritic cell-derived iRGD-Exos succeed in targeting the tumor tissue in 

mice model of human breast cancer, but with a short retention time within tumor 

(about 8 h) (Y. Tian et al., 2014b). The former study used mouse cancer cell-derived 

EVs with human cancer model. While, the latter study employed non cancer cell-

derived Exos (engineered with a targeting ligand, iRGD) to target human cancer 

model. Thus, the detected poor tumor accumulation of Exos (EVs) and their short 

retention time within tumor might be related to the missed enhancing effect of cell-

type tropism in these studies. Furthermore, it is noteworthy that the preferential tumor 

accumulation of PEGylated autologous cancer cell-derived Exos may be related to the 

potential Exo uptake by C26 tumor cells and certain C26 tumor-infiltrating immune 
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cells especially TAMs  and T cells within C26 tumor tissue (Fig. 4.7). On the basis of 

these results, the synergistic effect of cell-type tropism with PEGylation becomes 

indispensable for an effective Exo delivery to tumor in this study. 
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The outcomes of this thesis could be summarized as following: 

 In vitro incubation with liposomes enhanced/suppressed Exo secretion derived 

from cancer cells. The stimulatory/inhibitory effect of liposomes was dependent 

on their dose, surface charge, membrane fluidity, and PEG modification, as well 

as on the type and viability of treated cancer cells. My approach may be a new 

strategy to stimulate/inhibit the secretion of Exos if the physicochemical 

properties of liposomes can be correctly controlled. 

 Different liposome preparations induced Exos with different protein expressions 

which relate different uptake pathways probably via different exosomal marker 

proteins. Liposomes may become one of promising tools to fine-tune the Exos, 

which achieve targeting of Exos in vitro and in vivo. 

 PEGylation of cancer cell-derived Exos extended their circulation time and cell-

type tropism fosters the accumulation and retention of these long-circulating Exos 

within allogeneic tumor tissue.  

 PEGylated autologous cancer cell-derived Exos had the predominant ability to 

target not only tumor cells but also tumor-associated immune cells within 

allogeneic tumor tissue. This targeting capability can be effectively exploited for 

drug delivery to allogeneic tumor and hopefully, this paradigm can be 

implemented with other cancers.  

Accordingly, in this thesis, I could expand Exo yield, identify the role of 

certain Exo surface proteins in Exo uptake and enhance the tumor accumulation of 

Exos. These are considered potential solutions of some hurdles of Exo field and may 

push forward the different Exo implementations.   
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Liposomes have been widely used as carriers for chemotherapeutic agents and 

nucleic acids (Huang, 2008; Zhang et al., 2012; Torchilin, 2014). Doxil
®
, 

doxorubicin-containing PEGylated liposome, has been approved for clinical use 

(Chang and Yeh, 2012). Recently, many studies have indicated that Exos have 

specialized functions and play a key role in processes such as intercellular signaling 

and waste management (Théry et al., 2002). Consequently, there is growing interest 

in the clinical applications of Exos. In the chapter II, it was shown that liposomes 

have the ability to upregulate and/or downregulate Exo secretion in response to the 

surface modification of liposomes. After intravenous injection of long-circulating 

PEGylated liposomes, the liposomes reach solid tumors via the EPR effect (Park, 

2002) and might stimulate the tumor cells, resulting in a decrease in tumor-related 

Exo secretion in vivo. Exos are known to partially contribute to tumor metastasis 

(Théry et al., 2002; Hedlund et al., 2011). Therefore, chemotherapeutic agents 

containing PEGylated liposomes may provide a synergistic effect to tumor growth 

suppression as well as to the prevention of tumor metastasis.  

Furthermore, Exos gain the attention of many researchers to be employed in 

various applications especially drug delivery (Alvarez-Erviti et al., 2011; Zhuang et 

al., 2011; Ohno et al., 2013; Y. Tian et al., 2014b; Batrakova and Kim, 2015; 

Haney et al., 2015). However, such applications are restricted by the low Exo yield 

and Exo heterogeneity leading low targetability. In the chapter II, I introduced the 

incubation with liposome preparations increases the release of Exos from the donor 

cancer cells. In the chapter III, I realized that incubating the donor cancer cells with 

liposome preparations has an ability to change the protein contents in the induced 

Exos, which leads a possibility to tune-up the Exos if I could understand how the 

liposomes affect the donor cells. Accordingly, my strategy, to employ the liposome 
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preparations as a stimulator for Exo production, may be useful for engineering Exos 

to implement specific targeting and treat several diseases, although further detailed 

studies must be required to achieve this goal. 

In addition, one of the substantial applications of Exo-based drug delivery is to 

employ Exos (EVs) in cancer therapy. Unfortunately, the achieved success in this area 

is limited as well as several hurdles still restrict expanding this field such as the poor 

pharmacokinetics and tumor-targeted delivery of Exos. In the chapter IV, I succeeded 

in improving Exo (EV) delivery to C26 tumor tissue (including C26 tumor cells and 

C26 tumor-associated immune cells) via the synergism between PEGylation and cell-

type tropism effects. Besides that, PEG layer of PEGylated Exos (EVs) can be further 

decorated with targeting ligands via post-insertion technique for more specific 

applications (Ishida et al., 1999; Allen et al., 2002; Moreira et al., 2002). Together 

with the ability of Exos (EVs) in delivering several therapeutics agents such as 

chemotherapeutics, therapeutic proteins, genetic materials and siRNA (Johnsen et al., 

2014; Inamdar et al., 2017), PEGylated autologous cancer cell-derived Exos (EVs) 

can be employed in various therapeutic approaches of cancer such as chemotherapy, 

gene therapy, immunotherapy and cancer vaccination. 

Furthermore, other strategies have been conducted to overcome the 

unexpected poor tumor targeting of unmodified Exos (EVs) such as modifying Exo 

(EV) surface characteristics via targeting ligands (Ohno et al., 2013; Y. Tian et al., 

2014b; S. A. A. Kooijmans et al., 2016; Y. Wang et al., 2017) and the use of certain 

route of administration (intratumoral and intranasal) (T. Smyth et al., 2015; Kim et 

al., 2016). Despite of these dedicated efforts, many limitations still exist such as the 

non-significant improvement in tumor targeting (S. A. A. Kooijmans et al., 2016), 

the improper expression as well as the instability of targeting ligands (Hung and 
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Leonard, 2015), the short retention time of Exos (EVs) within the tumor tissue (Y. 

Tian et al., 2014b) and finally the limited target tissue due to the limited route of 

administration. 

Finding the appropriate isolation method that ensures the collection of high 

quantity of the secreted Exos of a high purity level is an urgent and challenging issue. 

Accordingly, efforts have been devoted to achieve these criteria. Several Exo isolation 

methods of varying yields and purities of Exo samples have been developed to collect 

Exos form either cell culture medium or biological, such as ultracentrifugation, 

density gradient centrifugation, synthetic polymer precipitation, immuno-isolation 

(immunoaffinity capture), ultrafiltration, size-exclusion chromatography and 

microfluidic devices (Théry et al., 2006; Stremersch et al., 2016; Sunkara et al., 

2016; Whiteside, 2016; Xu et al., 2016; Contreras-Naranjo et al., 2017; Coumans 

et al., 2017; P. Li et al., 2017; Lu et al., 2017), however, none of them have shown 

the enough credentials for clinical applications and large scale production.  

Despite of my and other efforts to reveal the underlying mechanisms of Exo 

uptake and the role of their surface ligands in this process, there is no consensus on 

what are the determinants for Exo uptake. Exo mimetics are one of the promising 

implementations to mirror the privileged characteristics of Exos via designing 

nanocarriers having the same composition of Exos, however, the outcomes are still 

limited probably due to the complexity of Exo composition and missing the full 

definition of the potential Exo components required to mimic Exo characteristics (S. 

A. Kooijmans et al., 2012). Accordingly, unraveling the complete set of Exo surface 

proteins and lipids are required to drive Exo uptake, is of utmost importance to design 

an efficient drug delivery systems using Exos or even artificial Exo-mimic 

nanocarriers.  
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Finally, the implementations of Exo-based drug delivery are still in the 

beginning and unraveling the black box of Exo release, composition and uptake will 

tremendously expand their use not only in drug delivery but also in various 

therapeutic and diagnostic purposes. More is still expected from these tiny vesicles.    
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