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Thesis Abstract
Prostate cancer is the fourth most common cancer in Europe and the third leading cause
of death in males. The standard of care as initial treatment for prostate cancer is, typically,
androgen-deprivation therapy. Although successful, in the long run 80% of the patients
relapse due to the development of a more aggressive form of prostate cancer known as
castration-resistant prostate cancer. Ultimately this is treated with chemotherapy, with
docetaxel being the gold-standard chemotherapeutic agents. However, the use of
chemotherapy in prostate cancer is problematic. In fact, it inevitably develops resistance
to chemotherapy and in this case, not many other treatment options are left.
The main focus of this project was to unravel the importance of the tumour
microenvironment, especially EVs, in the spreading of aggressive behaviours within
prostate cancer. EVs, being released inside the tumour microenvironment and containing
precious information from the cells of origin, are able to shuttle and transfer aggressive
behaviours to receiving cells. In prostate cancer, initially our group and subsequently
others, have shown that EVs are able to transfer aggressive traits including the transfer of
chemotherapy resistance, the reprogramming of tumour microenvironment, the ability to
form pre-metastatic niche and increased metastatic tendency. For these reasons, we
initially evaluated the entire cellular secretome derived from two docetaxel-resistant
prostate cancer cells in order to better understand the role played by both EVs and soluble
factors. We found that although EVs impact docetaxel resistance transfer, cellular
proliferation and migration, secretomes’ soluble factors play a role as well, demonstrating
their complex interplay with EVs within the tumour microenvironment.
In order to further understand the effect of EVs on the transfer of aggressive behaviours
on receiving cells and taking into consideration the enormous EVs heterogenicity, we
moved on to investigating four proposed EVs inhibitors with the purpose to identify a
possible pharmacological agent that blocking a specific EVs sub-population would reduce
the transfer of the aggressive traits. In order to do this, we had to first optimise an EVs
separation protocol able to recover as many clean/pure EVs as possible. We thus
evaluated and combined different techniques, namely tangential flow filtration, gradient
ultracentrifugation, size-exclusion chromatography and ultracentrifugation washing, in
order to meet our requirements. Once optimised the EVs separation protocol, we started
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to evaluate the effect of our four EVs biogenesis/release inhibitors, used alone or in
combination, on the two docetaxel-resistant prostate cancer cells, PC3RD and DU145RD.
We found that on both cell lines, calpeptin and GW4869 reduced the shedding of small
vesicles, while manumycin A and Y27632 increased the release of small vesicles. GW4869
treatment proved to significantly increase the release of bigger vesicles. Once tested on
receiving cell lines, vesicles that continued to be released following Y27632 and
manumycin A treatment proved to reduce cellular proliferation and cellular migration of
cancer cells, but had no effect on normal prostate cells used in this thesis as control.
We finally investigated a potential connection between chemotherapy and
immunosuppressive tumour microenvironment focusing our attention on two enzymes
associated with T-cell suppression, IDO1 and CD73. We observed a strong downregulation
of both CD73 and IDO1 when seven different cell lines, representative of different cancers
and cancer sub-types, were treated with high dose of docetaxel. We thus focus our
attention back on prostate cancer and we demonstrated the accumulation of both
enzymes inside EVs. The EVs enzymes cargo was not affected following docetaxel
treatment. This suggests that EVs, more than cells per se, might play a fundamental role
in the immunosuppressive microenvironment that characterise most cancer.
In conclusion our results demonstrate that EVs play fundamental roles within the tumour
microenvironment of advanced castration-resistant prostate cancer as carriers of
fundamental enzymes that potentially redirect cells toward an immunosuppressive
phenotype. These vesicles have the potential, once received by neighbouring cancer cells,
to increase their aggressive traits. Pharmacological inhibition of specific EVs
biogenesis/release pathways could be beneficial for the prevention of cancer progression.
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CHAPTER ONE: Introduction
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1.1 Prostate Cancer
Prostate cancer is the fourth most common cancer in Europe following female breast,
colorectal and lung cancers and it is the most common cancer in men. It is the leading
morbidity cause in males with approximately 450,000 new cases diagnosed throughout
Europe in 2018 and the third leading cause of death with 107,000 deaths registered the
same years; observed mainly in Northern and Western Europe1.
Prostate cancer is a slow cancer that can takes years to manifest. For this reason, the
average diagnosis age is approximately 67 years old, although the age may be slightly
lower due to improved test technology2,3. In fact, the screening procedures for prostate
cancer is the monitoring of prostate-specific antigen (PSA) level that traditionally has been
considered as above 4 ng/mL of blood in case of cancer positivity. However, a level below
4 ng/mL does not guarantee the absence of prostate cancer in fact this marker is not
cancer specific but instead is prostate specific and the choice of further investigation can
be subjective. Additionally, PSA levels may have huge fluctuations (that dependents on
patient and also to the specific laboratory kit used) that sometimes leads to some under
or over-estimations. Finally, the absence of specific procedure guidelines makes the
situation for PSA analysis even more complicated.
When prostate cancer is finally diagnosed, it is normally classified with a score. The
Gleason system assigns grades based on how much the cancer looks like normal prostate
tissue: i.e. if it looks quite normal, a grade of 1 is assigned, while if it looks very abnormal,
a grade of 5 is assigned. Almost all prostate cancers are grade 3 or higher at the time of
diagnosis as, due to problems achieving successful early diagnosis. Grade 1 and 2 are
almost never observed. As prostate cancer can be heterogeneous, the Gleason sum is
often used: the number assigned to the most representative areas in the tumour are
summed and according to the final number (usually from 6 to 10) prostate cancer patients
are re-classified in 1 of 5 grade groups; with Grade Group 1 represented by Gleason score
of 6 or less and Grade Group 5 represented by Gleason score of 9-104.
According to the Gleason score or Grade Group score and the PSA level, clinician’s choice
and patient’s compliance, the subsequent initial treatment is typically either radiation,
androgen deprivation therapy (ADT) or a combination of both.
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1.1.1 Androgen deprivation therapy and the first sign of resistance
The standard of care as initial treatment for prostate cancer is typically represented by
long-term primary ADT, which includes surgical or medical castration using a luteinising
hormone releasing hormone (LHRH) agonist. Although initial response exceeds 80 %,
relapse often occurs leading to the development of a more aggressive form of prostate
cancer (PC) called castration-resistant prostate cancer (CRPC). In fact, although medical
or surgical castration prevent the androgens production by the testis, they cannot prevent
the biosynthesis of androgens inside the adrenal glands. Many studies demonstrated that
CRPC presents equivalent or even higher levels of testosterone following castration that
could be generated by testosterone and dihydrotestosterone produced by conversion of
circulating adrenal androgens or possibly de novo synthesis of androgens by CRPC cells5–
7

.

Although resistant to castration, CRPC cells are still dependent on intra-tumoral levels of
testosterone and androgens. Thus, in recent years, new anti-androgens have been
approved as second line or adjuvant treatment for CRPC. Abiraterone is an oral inhibitor
of cytochrome P450 17 alpha-hydrolases (CYP17A1) and C17 20 lyase (two enzymes
involved in testosterone synthesis) and so it is able to block alternative steps of androgen
biosynthesis. In fact, these enzymes mediate the conversion of pregnenolone into
androgens and their inhibition by abiraterone halts both extra-gonadal and testicular
androgens synthesis8–10. Enzelutamide, together with the first generation anti-androgens
such as bicalutamide, is a potent inhibitor of the androgen receptor (AR) that competes
with the androgens inside the intra-tumoral environment for AR binding; thus promoting
the inhibition of CRPC spreading and progression11–14.
Unfortunately, despite both drugs improving overall patient survival, ultimately CRPC
relapse due to the development of different resistance mechanisms. Some of these
mechanisms include:
-

AR splice variants
Most of these variants produce truncated forms of the AR, many of which contain
an intact amino-terminal domain (NTD) and DNA-binding domains but lack the
lipid-binding domain (LBD), resulting in the production of a constitutively active AR
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that works independently from the androgen levels. AR-V7 variant is constitutively
active and the most abundant variant detected to date in CRPC15–20.
-

AR overexpression
Increased AR expression is not typically observed in untreated PC patients, but up
to 80 % of CRPC shows increase in AR mRNA and protein as well as AR gene
amplifications. This leads to AR hyper-sensitivity, allowing CRPC cells to survive
and proliferate despite the minimal androgens concentrations21–26.

-

Post-translational modifications of AR
Different post-translational modifications of the AR have been reported and
several pre-clinical studies have shown that kinases’ activity can enhance AR
transcriptional function directly modifying the AR or increasing the activity of its
co-activators and producing, as a result, a hyper-sensitive AR phenotype27,28.

-

AR point mutations
More than 100 somatic mutations in the AR have been described, most of them
being present in the NTD and in the LBD. Those mutations are normally rare for
androgen-sensitive PC, but are present in tumours of 10-30 % of patients treated
with anti-androgens 29–34.

-

Alternative steroid receptors
Glucocorticoids receptors (GR) are found only in approximately 30 % of nontreated patients, while it is reported to be overexpressed after ADT. AR and GR
share the same chromatin binding sites, thus GR can regulate a large number of
genes belonging to the AR pathway. This has led to the hypothesis that the GR, or
potentially other nuclear steroids receptors, can help prostate cancer cells to bypass AR pathway blockage35–38.

-

Increased expression of CYP17A1
In male scid mice VCaP xenografts obtained after long-term treatment with
abiraterone, an over-expression of CYP17A1 mRNA has been reported, suggesting
a possible compensation mechanism for CYP17A1 inhibition that may explain, at
least partially, abiraterone resistance observed in patients13.

All these alternative resistance mechanisms contribute to the development of aggressive
CRPC that subsequently is treated with chemotherapy.
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1.1.2 Chemotherapy in CRPC and chemotherapy resistance
Two major categories of chemotherapeutics are used in prostate cancer care:
anthracyclines and taxanes. Although now only in specific case, mitoxantrone was the first
chemotherapeutic approved for prostate cancer. Belonging to the anthracycline family, it
is chemically an enthracenedione, a type II topoisomerase inhibitor used to interfere with
DNA synthesis and repair mechanisms. Although it improved cancer symptoms and
quality of life, it proved to be ineffective for patient survival. So since the approval of the
taxanes, it is no longer frequently used39–41.
The standard chemotherapy agents for CRPC since 2004 are taxanes, specifically
docetaxel. Docetaxel exerts its anti-tumour activity using multiple mechanisms. Its main
activity is as an anti-mitotic agent that, by inhibiting microtubule disassembly prevents
further progression of the cell cycle. Docetaxel’s secondary anti-tumoral mechanisms
include inhibition of AR nucleus translocation and AR gene expression inhibition via
interaction with the gene promoter; promotion of expression of FOXO1, a strong
transcriptional repressor of AR; and docetaxel also has anti-BCL2 and anti-BCLX
properties, resulting in apoptosis promotion. Through these multiple mechanisms,
docetaxel showed objective response rates in up to 38 % of patients, making it preferable
to mitoxantrone42–45.
Belonging to the same taxane family, cabazitaxel is a third-generation, semi-synthetic
tubulin-binding taxane drug that has been developed to circumvent resistance developed
to docetaxel. Approved in 2010 for CRPC, cabazitaxel proved to be as potent as docetaxel,
but with reduced systematic toxicity. However, the relatively higher cost of cabazitaxel,
its documented post-docetaxel activity and the fact that cabazitaxel is designed to be less
susceptible to general taxane resistance mechanisms pushed clinicians to use it as last
resources, still favouring docetaxel as the first-line taxane of choice46–49.
The use of chemotherapy in PC is not always without problems. In fact, not all patients
respond to taxane therapy (innate resistance) and PC resistance is inevitably developed in
patients initially responding to docetaxel and, to a lesser extent, to cabazitaxel (acquired
resistance). Resistance to taxanes is likely heterogeneous, whereby more than one
mechanism simultaneously contributes to treatment failure. Some of these mechanisms
include:
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-

Multi-drug resistance protein expression
The multi-drug-resistant phenotype, mediated by drug efflux pumps, appears
central to the mechanism of chemotherapy resistance. Multi-drug resistant
proteins (MDRPs) belong to ATP-binding cassette transporters and they are
transmembrane multi-drug transporter proteins which function as molecular
pumps, enabling cancer cells to lower intracellular drug concentrations. Several
MDR transporters are over-expressed in PC cells, contributing to taxanes efflux.
Cabazitaxel proved to be less sensitive than docetaxel to their activity, but their
expression is still a concern for cabazitaxel treatment50–52.

-

Microtubule alterations
All taxanes, including docetaxel and cabazitaxel, exert at least part of their function
by interacting with cellular microtubules, so structural or functional alterations can
provide an additional mechanism of resistance. For example, some taxane
resistance cell lines present elevated expression of βIII-tubulin, which have been
associated with tumour aggressiveness and resistance to docetaxel-based
chemotherapy. It is still not fully clear how the expression of this tubulin isotype
can lead to taxane resistance, but evidence suggests that microtubules containing
this isotype are less stable, exhibiting aberrant dynamicity and thus can be less
sensitive to taxanes activity. Mutations also in α, β- tubulin and the expression of
the βIV-tubulin isotype have also been correlated with taxane resistance53–56,56,57.
Additionally, a recent study demonstrated that erythroblast transformationspecific (ETS)-related gene (ERG) interacts directly with tubulin. This ERG-tubulin
interaction dysregulates microtubule dynamics, rendering cancer cells more
resistant to taxanes treatment5,58.

-

Upregulation of pro-survival cellular pathways
One of the mechanisms used by docetaxel to exert its function is through the
promotion of BCL2 phosphorylation, preventing it binding to other BCL family
proteins, thereby promoting apoptosis. It has been reported that prostate cancer
cells can reduce or block the expression of BCL2, imparing one of docetaxel’s
mechanisms of action59–61.

-

Cytokines, inflammation and the EMT transition
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Chemotherapy resistance can occur via over-expression of growth factors and
cytokines. Docetaxel treatment has been associated with increased C-C motif
chemokine ligand 2 (CCL2) expression, which was associated with development of
resistance to taxanes treatment, possibly via activation of the PI3K/AKT signalling
pathway that is already over-active in CRPC. Additionally, TGF-β, FGF, β-catenin
and mTOR pathways, together with the hypoxic state, have been associated with
docetaxel-resistance and epithelial-mesenchymal transition (EMT), which may be
mediated by reduced expression of miR-200c and miR-20562–66.

1.2 Extracellular Vesicles world
Extracellular vesicles (EVs) are a heterogeneous group of vesicles released by cells under
physiological and pathological conditions67–69. EVs are typically classified according to a
range of properties including density, dimension and the biogenesis processes from which
they originate. Two sub-classes of EVs with different biogenesis pathways have been
extensively reported on over the past number of years. These are exosomes, deriving from
multi-vesicular bodies (MVB); and microvesicles (MVs), which bud directly from the cell
membrane. Typically, exosomes are considered to be vesicles that fall within the size
range of 30-150 nm, while MVs are often described as 100-1000 nm. However, it is evident
that this classification is flawed, as these size ranges over-lap and evidence suggests that
vesicles in the size range of exosomes can also bud directly from the cell membrane rather
than originate via the endosomal pathway.
Despite these limitations of the terminology, to adhere to the doctrine that those derived
through the endosomal pathway are exosomes and those pinching from the cell
membrane are MVs, until the majority of the EV experts agree on other guidelines for
nomenclature, here we refer to exosomes and MVs, respectively, according to their
modes of biogenesis.

1.2.1 Exosomes Biogenesis
Biogenesis of the EV sub-population that are later termed exosomes occurs inside
endosomes. Early endosomes, during their maturation toward late endosomes or MVBs,
start to accumulate intraluminal vesicles (ILV) through endosomal membrane
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invaginations. These MVBs subsequently fuse with lysosomes and thus promote ILV
destruction or, alternatively, they can either fuse with the cell membrane, releasing ILVs
in the extracellular space. These vesicles are then termed exosomes70 (Figure 1.1).
MVBs biogenesis is driven by at least two distinct mechanisms i.e endosomal sorting
complexes required for transport machinery (ESCRT)-dependent and ESCRT-independent
pathways. ESCRT consists of a multi-molecular machinery constituted by four main
complexes (ESCRT-0, -I, -II and –III) and some additional associated proteins, such as those
of the AAA ATPase Vps4 complex. These complexes orchestrate the ILVs formation in a
stepwise fashion. ESCRT-0 and –I, interacting with ubiquitylated transmembrane cargos,
form microdomain in the endosomal membrane and recruit ESCRT-III. This last complex
finally interacts with the ESCRT-II complex, which is responsible for the vesicles abscission
and release. In fact, the latter complex is able to form spirals that promote the inward
budding and fission of vesicles in order to form MVBs71–75. The ESCRT pathway can also be
recruited by other exosomes biogenesis mechanisms. Recently, the involvement of the
axis syndecan-syntenin-ALIX in exosomes generation was reported which, through the
recruitment of the ESCRT accessory protein ALIX, is able to enrol the ESCRT-III complex
and orchestrate ILVs formation. Based on this model, heparanases trim the heparin
sulfate side-chains of syndecans, facilitating the formation of syndecan microdomains
able to interact with syntenin and, thus, draft the ESCRT machinery using ALIX as
intermediate76–78.
MVBs production can also be achieved by ESCRT-independent processes, based on the
presence of lipid rafts inside endosomal membranes. These lipid rafts are present at high
levels of cholesterol and, most importantly, sphingolipids that can be subjected to the
activity of the neutral sphingomyelinase family. These sphingomyelinase enzymes convert
sphingolipids to ceramide, a cone-shaped rigid lipid that coalesce to form ever larger
microdomains inducing budding and formation of ILVs79–83.
When MVBs are formed, as mentioned above, they can either fuse with lysosomes or
result in exosomes release via fusion with the cell membrane. Their transport within cells
and toward the cell membrane is dependent on interaction with actin and the
microtubules of the cytoskeleton and is regulated by many proteins. Particularly
important here is the GTPase family of Rab proteins, although their involvement seems to
be somewhat cell specific. For example, both Rab27a and Rab27b have been shown to be
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involved in exosomes release from HeLa cells i.e. Rab27b regulates the motility of MVBs
towards the cell membrane and Rab27a promotes their fusion. However, Rab27 isoforms
are not ubiquitous, thus other cell types seem to regulate exosomes release using
different Rab proteins, such as Rab11 in K562 cells (bone marrow chronic myelogenous
leukaemia cells) and Rab35 in Oli-neu cells (Oligodendroglial cell lines)84–86. SNARE
(Soluble NSF Attachment Protein) REceptor) protein family members are also involved in
orchestrating the final exosomes release in response to membrane fusion. This is achieved
through the formation of a SNARE complex composed of 3/4 coiled-coil helices proteins.
SNARE activity is partially controlled by the phosphorylation state of these proteins, which
influences their localisation and their interaction with SNARE partners, thus contributing
to regulated exosomes release87–89.

Figure 1.1: Schematic representation of exosome biogenesis
Once the endosome is formed following endocytosis it starts to accumulate ILVs via membrane invagination.
ILVs can either be produced by the ESCRT dependent and independent pathway. Once endosomes are
matured are called MVBs and these can or fuse with lysosomes and thus promote ILV destruction or,
alternatively, they can fuse with the cell membrane, releasing ILVs in the extracellular space now called
exosomes.
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1.2.2 Microvesicles Biogenesis
MVs biogenesis is modulated by lipid composition and organisation of the peripheral
cytoskeleton, both of which able to alter membrane fluidity and deformability90. As for
exosomes, mechanisms that generate or alter asymmetry of the cell membrane appears
to be important during MVs generation. In fact, lipid rafts are fundamental to the budding
of the cell membrane and cholesterol seems to play key roles, as cholesterol depletion
reduces MVs release80–83,91. Interestingly, MVs presents unique lipid characteristics, such
as externalisation of phosphatidylcholines (a lipid normally contained in the internal
leaflet of the membrane) and an enrichment of the sphingolipid sphingomyelin92. Enzyme
involved in transferring lipids from one leaflet of the cell membrane to the other, such as
calpain, scramblases, flippases and floppases, have been reported as important during
MVs formation69,93–98. Of note, the activity of acidic sphingomyelinases and the conversion
of sphingomyelin to ceramide is also involved in MVs production (in a process similar to
the one performed by neutral sphingomyelinases during exosomes biogenesis).
Specifically, ceramide, being a cone-shaped lipid, induces membrane curvature and
triggers MV release99–104.
In addition to lipid, other cytoskeletal elements and their regulators are required for MVs
biogenesis. Due to their involvement in regulating actin reorganisation and mediating the
cytoskeleton contractility, Rho family members are fundamental players in this process.
RhoA activity has been reported to promote MVs release from cancer cells, through its
activity on ROCK and ERK105–107. Additionally, RhoA, ARF6 and ARF1, phosphorylating the
myosin light chain at the MV necks in order to enhance myosin contractility, favour the
fission and the pinching off of the resulting MVs108–111(Figure 1.2).
Interestingly, a partial over-lapping mechanism for MVs with exosomes biogenesis has
recently been proposed. Specifically, it seems that the ESCRT machinery may be involved
in the production of nano-sized vesicles that are enriched in cell surface proteins,
reflecting their cell membrane origin. Thus, consistent with the complexity of the EV
world, MVs release may also be supported by this mechanism; although further research
is needed to investigate this112–114.
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Figure 1.2: Schematic representation of microvesicle biogenesis.
Enzymes involved in the redistribution of the bilayer’s phospholipid such as floppase, flippase and
scramblase lead to the budding of the plasma membrane. Upon activation of ROCK, by the activity of ARF6
and RhoA, the subsequent promotion of microtubule reorganisation and the phosphorylation of the myosin
light chain promote the pinching off and the release of the vesicles.

1.3 EVs and Cancer Drug-Resistance
EVs are not inert structures, and they carry macromolecules able to affect the receiving
cells/cell lines. EVs play fundamental role in cancer development and progression, and in
the last few years evidence suggests they can be involved in the spreading of the
resistance from drug-resistant to drug-sensitive cells.
EVs can mediate drug-resistance by using several mechanisms. Particularly, they can have
an active role as part of the cellular mechanisms used to sequester and/or remove drug
across the cell membrane, thus reducing drug concentration inside the cells or the body.
At the same time, being carriers of different macromolecules, they can participate in the
transfer of drug resistance to drug-sensitive cell lines inside the tumour environment.
Additionally, EVs also mediate cross-talk between cancer cells and stromal cells in the
tumour microenvironment, leading to tumour progression and acquisition of therapeutic
resistance115–117.
It is widely recognised that cancer cell lines release a higher amount of EVs. Several studies
have shown that cytotoxic drugs can be sequestered into EVs and released from the cells,
- 13 -

preventing the accumulation of the drug inside the cell. In fact, EVs carry on their surface
MDRP that allow them to encapsulate cytotoxic molecules. MCF7 EVs proved to overcarry on their surface ABCG2 (an ABC transporter involved in multi-drug resistance)
mediating uptake of drugs into vesicles for release

53,54

. In this context, it was firstly

demonstrated by our group in prostate cancer that EVs are involved in communicating
resistance between cells though the exosomal transfer of MDR proteins such as MDR1
involved into docetaxel resistance118. Safaei et al.119 demonstrated that exosomes
released from cisplatin-resistant ovarian carcinoma cells contained 2.6-fold more cisplatin
compared to exosomes released from cisplatin-sensitive ovarian carcinoma cells,
suggesting that cancer cells exploit the endocytic compartment as drug export vectors.
Similarly, treatment of pancreatic cells with gemcitabine enhanced release of EVs at a rate
that was inversely proportional to the measured sensitivity of the cells. The increased
production of EVs allowed more drug to be exported and thus, the cells to be more
resistant120.
EVs can also act as decoys for antibody-based therapies. Ciravolo et al121 demonstrated
both in vitro and ex vivo that HER2-overexpressing breast carcinoma cell lines released
exosomes containing HER2 protein that can bind trastuzumab, decreasing the amount of
circulating antibodies and thus decreasing its effectiveness. A similar result has been
shown with malignant lymphoma that is usually treated via immunotherapy. Authors
proved that this lymphoma releases EVs bearing CD20 that effectively shield the cells from
antibody-mediated attack122.
The best characterised example is the transfer of P-glycoprotein between cells, with
numerous groups, including ours initially, reporting the observation that P-gp transfer via
vesicles can mediate resistance in recipient cells118,123–126. Another protein transfer
example is represented by TrpC5. MCF7 cells resistant to adriamycin can transfer this
protein via EVs and once inside the recipient cells it stimulates nuclear translocation of
the NFATc3 protein and results in transcriptional activation of the MDR1 promoter with
subsequent acquisition of drug-resistance127.
Also nucleic acids proved to be fundamental in the transfer of resistance. Many resistant
cell lines can produce EVs carrying MDR1 or MRP1 mRNA which can be transferred into
sensitive cells to induce resistance. The lncNA linc-ROR can be up-regulated by
chemotherapy and when transferred via EVs proved to induce sorafenib and doxorubicin
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resistance in recipient HepG2 cells128. Furthermore, a plethora of miRNA have been
associated with the transfer of drug resistance. These include: miR-214 and miR-21-3p for
cisplatin-resistance ovarian cancer129,130, miR-155 for gemcitabine-resistant pancreatic
cancer cells131, miR-221/222 for tamoxifen resistant MCF7132,133 and miR-34a for
docetaxel-resistant prostate cancer134.
Cross-talk between cancer cells and stromal cells has emerged as an important factor for
cancer progression and acquisition of drug-resistance135. For example, healthy
mesenchymal stem cells (MSC) exosomes increases resistance of gastric cancer cells to 5‘FU136. Treatment of colorectal cancer stem cells with cancer associated fibroblasts (CAFs)
EVs leads to increased resistance to 5’-FU and oxaliplatin137, while transfer of galectin-3
via EVs leads to drug resistance in acute lymphoblastic leukaemia138.
This evidence supports the fundamental role of EVs in cancer survival and raise the
possibility that drug-resistance may be overcome by locally inhibiting EVs release and
uptake, thus co-targeting EV pathways would then be a promising avenue to increase
patient prognosis and survival.

1.4 EVs Isolation Methods
Research in the EVs field has grown rapidly in the last few years, and there has been a
huge growth in the development of several techniques for the separation and
characterisation of EVs. However, the search for an ideal technique to separate pure EVs
is still ongoing. EVs are heterogeneous in size, origin and molecular constituents, with
considerable overlap in size and phenotype between different populations of EVs.
Additionally, different isolation methods impact the amount, type and purity of EVs
recovered139–142.
During the years, the EVs community has invested a lot of effort in keeping track on the
trend in the separation methods used worldwide with the most recent report highlighting
how the trend is changing to meet the specific requirements of each study. Specifically,
Royo et al.143 showed that, compared to the last Survey results reported by Gardiner et
al.144, although UC methods - alone or combined with other techniques - is still the most
commonly used EVs separation method, other techniques are gaining attention. Size
exclusion chromatography now ranks second on the Survey outcome list, with several
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emerging technologies appearing on the ranking list (including tangential flow,
microfluidics and field flow fractionation).

1.4.1 Ultracentrifugation
The current ‘gold-standard’ EV separation technique is ultracentrifugation, which
separates and concentrates EVs according to their density145,146. This process consists of
subsequent pelleting steps ending generally with an ultracentrifugation step at 100,000 g
or higher to pellet the final EVs. This is tipically followed by a washing step (or steps) in
which the EV sample is re-suspended in PBS and pelleted again145,147. This method,
however, may also isolate microparticles of various size and composition, including
viruses, lipoprotein particles, and protein complexes148,149. For this reason, it is normally
coupled with a filtration step, in which 0.1 µm, 0.22 µm, or 0.45 µm filters are used to
increase the purity of the final sample or to selectively remove larger entities. Note that
the additional stages in EV purification (washing and microfiltration) not only increase the
purity of EVs, but also decrease their quantity12–14.
The efficiency of EV isolation by ultracentrifugation depends on many factors including
acceleration (g), centrifugation time, type of rotor used and its characteristic (k factor),
and viscosity of the sample150–154. In particular, the EV sedimentation efficiency decreases
with an increase in viscosity of the sample while an increase in the centrifugation time (to
4 h and longer) elevates the level of non-EV protein impurities in EV preparations142.
Formation of EV aggregates using ultracentrifugation and compaction of the pellet at a
high ultracentrifugation speed can decrease the efficiency of EV isolation. Suspension of
the pellet in PBS only partially solves this problem, as not all aggregates are disintegrated
and so they can interfere with the EV functional integrity (destruction due to the
interaction at the phase interface)145. Even the rotor type and its k-factor (that takes into
consideration the speed and the minimum and maximum diameter of the rotor) should
be carefully taken into consideration. Two types of rotors are commonly used: the
swinging rotor and the fixed angle rotor. Due to their different k-factors, they have
different sedimentation efficiency; with the swinging rotor considered to be less efficient
in the EVs recovery. All these factors affect the output of the UC steps in which a certain
portion of the small particles are sedimented at earlier stages together with larger
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particles, whereas a portion remains in the supernatant even after ultracentrifugation at
200,000 ×g. For example, an immunoblotting assay involving six EV markers has shown
that 40% of the vesicular proteins are present in the supernatant after ultracentrifuging
urine at 200,000 ×g155. On the other hand, the isolated EV fraction contains a substantial
amount of large vesicular structures and large protein aggregates154.
The drawbacks of UC, that includes low EVs output, co-precipitation of protein aggregates,
and aggregation of the final EVs sample, can be partially overcome by gradient
ultracentrifugation which is considered a more gentle separation method that allows the
recovery of cleaner EV samples. This method separates particles according to their
buoyant density when they are let to float in sucrose or OptiPrep (iodixanol) density
gradients156–160. This method gives better results in terms of purity of EV fraction and the
amount of EV proteins and RNA recovered when compared to classical ultracentrifugation
isolates or commercial kits. Several studies have demonstrated that iodixanol is preferable
for density gradient over sucrose, as it can form isosmotic solutions at different densities
which preserve the vesicle size and shape and allows for isolation of the EVs devoid of
virions142,161. However, this method, similar to UC approaches, results in a considerable
loss of EVs; it is complex, laborious, and time-consuming (up to 2 days) and requires
expensive equipment142,162,163. Moreover, similar to the classical ultracentrifugation, it is
not translatable in a clinical setting.

1.4.2 Size Exclusion Chromatography (SEC)
Size-exclusion chromatography (SEC) separates the components of a sample based on the
hydrodynamic volume. It is typically performed with a Sepharose CL-2B or similar
stationary phase column where fractions are eluted with PBS164,165. Diluted samples,
especially cell culture supernatant, are often concentrated before injection to the
column166. SEC is commonly used to isolate heterogeneous populations of EVs, while the
separation of distinct EV sub-populations remains a challenge due to limited resolution,
especially for commercially-available SEC columns. Studies showed that using SEC to
separate cell culture- and plasma-derived EVs resulted in increased yield and better
functionality compared to UC and higher yield and higher quality cell culture-derived EVs,
with less non-EVs protein contamination, and less compositional and structural
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alterations compared to EV isolation using precipitating agents, such as polyethylene
glycol165,167–170.
SEC is simple, robust, scalable and does not require expensive equipment. However, it is
limited by the low resolution and dilution of EV isolates. There is ample evidence that
shows the presence of contaminants in SEC EV isolates, including lipoprotein particles,
viral particles, free proteins, and protein complexes from biological matrices. For this
reason, it is typically coupled with other techniques to overcome associated limitations
and improving EVs purity171. For instance, anion exchange chromatography has been used
to selectively remove lipoproteins after SEC separation172. Other studies have also shown
that the combination of SEC with UC and ultrafiltration improves EV quality171,173–176.
However, these additions then re-introduce the complexity again.

1.4.3 Filtration
Ultrafiltration (UF) utilises membranes with defined molecular weight cut-off (MWCO) to
separate and concentrate EVs. UF has been widely used to isolate EVs from relatively
dilute samples, such as urine and cell culture condition media. Centrifugation, pressure,
or vacuum is used to “push” the sample through the membrane. However, protein
molecules and newly formed aggregates of biopolymers can block the membrane pores
as the sample is being concentrated, thereby slowing the process and increasing the
concentration of contaminant molecules and resulting in partial loss of the target EVs
material177,178. Ultrafiltration through hydrophilised membranes with a low affinity for
proteins or gel filtration may be used to reduce the losses from irreversible EV binding to
membranes179,180. However, some EVs stably binds to the membrane even when using the
materials with a low affinity for proteins177,180.
Tangential flow filtration (TFF), also known as cross-flow filtration, is a UF technique that
recently is gaining a lot of attention as a substitute for conventional UF. In TFF, a stream
of fluid containing EVs flow tangentially by moving across the UF membrane but not
directly through the membrane. Molecules smaller than the MWCO travel through the
membrane and are discarded, while molecules larger than the cut-off level, such as EVs,
remain on the membrane and are re-circulated and concentrated. TFF is more beneficial
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than conventional filters in which the fluid flows directly through the membrane, which
often results in cake formation that clogs the pores181,182.
Compared with UC, filtration offers several advantages, including mild pressure, time
efficiency, effective purification, and scalability. However, isolation is greatly dependent
on the quality of filter membranes and the uniformity of the membrane pore size
distribution. Moreover, filtration may alter the structural integrity of EVs due to extrusion
effects and lead to EV losses on the filter membrane. Therefore, the applicability of this
approach to physiological fluids with high complexity and high dynamic range may be
restrained by a low recovery rate and insufficient efficiency of separation from highabundance contaminants177,183,184.
Although UF alone might be sufficient for EV isolation in some cases, additional purity and
selectivity can be achieved by combining different techniques with UF. For instance,
centrifugal UF has been used in combination with SEC to isolate EVs from cell culture
media and urine185–187.

1.4.4 Precipitation methods
Polyethylene glycols (PEGs) with various molecular weights have been long used for the
precipitation of proteins, nucleic acids, viruses, and other small particles188. The
procedure requires mixing of the sample and a polymer solution and incubation, followed
by sedimentation of EVs by low-speed centrifugation (1500 ×g) as it is based on the natural
decrease in solubility of the super-hydrophilic PEGs. The EV pellet is then suspended in
PBS (or other buffering agents) and is considered ready for further analysis189.
The undeniable advantages of EV precipitation with PEG are simplicity, speed, and low
cost, as well as the possibility of working in physiological pH range and weak dependence
on the ion concentration. PEG 6000 or commercial reagents for EV isolation by PEG
precipitation can be used, although different commercial kits isolate EVs with different
efficiency and quality. The sizes of EVs isolated with PEG are comparable to the particles
isolated by ultracentrifugation, ultrafiltration, and gel chromatography, whereas the
amount of EVs and the characteristic protein molecules and RNAs are, as a rule,
significantly higher24,39,52,53.
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Unlike ultracentrifugation or gel chromatography, PEG precipitation makes it possible to
concurrently process a large number of samples. The procedure does not deform EVs and
requires no additional equipment for isolation, which makes this method most attractive
for clinical research. However, the main disadvantage of this method is variable
contamination of the sample with proteins, protein complexes, lipoproteins, and
nucleoproteins, as well as viral and other particles142,162. In addition to large vesicles and
poorly soluble protein aggregates, the EV fraction might contain the molecules of
biopolymers, which could interfere with further analysis of the sample. These impurities
can potentially be removed from the sample by subsequent centrifugation, filtration, or
gel filtration177; however, these addition then once again add complexity.

1.4.5 Immunoaffinity-based methods
Affinity-based approaches utilise highly selective and specific interactions between
proteins found on the EV membrane and their corresponding ligands, such as antibodies.
The most widely used affinity-based technique for EV isolation relies on immunoaffinity
capture by employing antibodies against EV surface proteins. In general, the antibodies
are covalently coupled to magnetic beads via biotinylation. The most commonly used
antibodies target tetraspanin proteins commonly enriched on exosomes and other EV
surfaces, such as CD9, CD63, and CD81190,191. In general, bound EVs are either eluted from
the beads using appropriate reagents or bead-EV complexes can be directly used for
further analysis. The method based on magnetic beads is comparable in its efficiency with
the traditional methods. Greening et al.192 compared ultracentrifugation, density gradient
centrifugation (OptiPrep), and immunoaffinity isolation using EpCAM (CD26) antibodies
on magnetic beads. Proteomic analysis of the EVs produced by three methods
demonstrates that the EVs isolated by immunoaffinity technique contain at least double
the amount of exosomal markers and the proteins involved in EV biogenesis and
transport. Thus, the use of antibodies to separate EVs makes it possible to obtain highlyenriched EVs preparations as compared to ultracentrifugation and density gradient
ultracentrifugation methods. However, the authors of the study emphasise that the EV
separation using density gradient has significant advantages as compared with
immunoaffinity isolation associated with the availability of antibodies for analysis189. In
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fact, the use of specific markers as selection method allows the recovery of only those EVs
sub-population bearing those markers, with the possibility to leave behind a considerable
part of the total EVs present in the sample.
Advantages of affinity-based approaches for EV isolation and separation include fast
process, a simple instrument, easy operation, and most importantly, high specificity and
selectivity for EVs of interest, making them highly attractive and suitable for clinical
applications and diagnostic purposes. Moreover, due to the high specificity, low nonspecific binding can be achieved with immunoaffinity based methods. Drawbacks of these
methods include costly ligands (e.g., antibodies) and several optimisation parameters
required for efficient isolation, such as elution process capable of maintaining EV integrity,
number of magnetic beads required, and specificity of ligands toward the antigens. In
addition, immunocapture efficiently isolates EVs from cell culture but usually not from
more complex matrices, such as plasma, due to multiple competitive binding sites,
resulting in low yield. The elution of bound EVs from bead-based methods is also often
troublesome189,193 as interference of any remaining beads can affect subsequent analysis,
especially those quantitative analysis relying on the use of NTA, leading to overestimation.
However successful elution of intact EVs and their sub-populations (exomeres and
exosomes) have been shown in studies with antibodies immobilized in the monolithic
columns194–196.

1.5 Pharmacological Inhibitors of Extracellular Vesicles Release
EVs are involved in many pathophysiological conditions and in some cases, their
involvement relates to disease progression67,69,197. Thus, many pharmacological agents
are being explored to investigate how best to inhibit their release, both as research tools
and potentially as therapeutic approaches; if means can be identified to selectively affect
EVs involved in pathology but not those performing necessary physiological roles.
However, the complexity and heterogeneity of EV biogenesis is challenging the
development a single drug able to completely block EVs production. Nevertheless,
identifying and blocking the predominant EV sub-populations associated with a particular
disease, if such exists and if feasible, could be clinically useful. Figure 1.3 reports the
chemical structures of the EVs inhibitors used in this project.
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Figure 1.3: Chemical structures of the inhibitors used.

1.5.1 Calpeptin
Calpain comprises a family of calcium-dependent neutral, cytosolic cysteine proteases.
The most studied isoforms seem to be the µ-and m-calpains, which are ubiquitously
expressed in cells and activated with calcium concentrations of µM to mM. µ- and mcalpains are hetero-dimers consisting of a large catalytic subunit (80 kDa) and a regulatory
subunit (28 kDa) containing the calcium-binding site. When calcium levels rise, calcium
binds and promotes a conformational change, allowing the self-cleavage and activation of
the pro-enzyme. Once activated, calpains can engage with numerous protein substrates,
including G-proteins and cytoskeletal proteins, that contribute to the many processes in
which calpains are involved. These activities include apoptosis, proliferation, cell
migration, tumour invasiveness and cancer progression, as calpains are de-regulated in
cancer cells198,199. Due to their activity on cytoskeleton remodelling, these proteins can
apparently promote MVs shedding. Conversely, their inhibition, using calpain inhibitors,
is reported to reduce the amount of MVs released by cells.
The most studied calpain inhibitor is calpeptin, a reversible semi-synthetic
peptidomimetic aldehyde inhibitor developed by the chemical modification of a
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Streptomyces peptide aldehyde in which the N-terminal has been substituted with a
hydrophobic cap group. Due to its inhibitory activity on calpain (see Figure 1.4), calpeptin
has been quite extensively used as micro-vesiculation inhibitor.
In resting platelets, compared to some other cell types, only a small percentage of MVs
are produced, but this percentage increases upon platelet stimulation by agonists such as
collagen, thrombin or the synthetic calcium ionophore A23187. Recently, it has been
demonstrated that prion protein fragment (106-126) (PrP) can activate platelets,
favouring an increase of cytosolic calcium levels and leading to a dose-dependent
increased release of MVs. Specifically, PrP was shown to induce an 8-10 folds increase in
calpain activity in the presence of 1mM extracellular calcium, while pre-incubation of
platelets with 80 µM calpeptin prevented calpain activation and MVs release200,201.
Prior to these studies, Fox et al.202 demonstrated the involvement of calpain in the
shedding of pro-coagulant-containing MVs released from activated platelets. Specifically,
using a low concentration of calpeptin (10-20 µg/mL) calpain-mediated hydrolysis of the
actin-binding protein was prevented, leading to reduced shedding of MVs. Pre-treatment
of platelets with calpeptin substantially inhibited MVs formation (70 % of reduction), even
after platelets activation with collagen, thrombin or a combination of the two agonists.
However, increasing calpeptin concentration up to 200 µg/mL did not have any additional
effect. In a subsequent experiment, Yano et al.203 showed the calpeptin activity to be
dose-dependent (0-300 µM) and that the reduction of MVs shedding is mostly due to the
reduced activity of calpain on actin-binding proteins, as the inhibition of MVs formation
was observed 10 minutes after platelets incubation with thrombin and collagen.
Calpeptin effects have also been evaluated on other cell types. To investigate the
involvement of MVs release during cell membrane repair, human embryonic kidney
(HEK293) cells were treated with streptolysin-O (an agent known to damage cell
membrane) and then treated with 60 µM calpeptin. Calpeptin was found to substantially
reduce MVs release and, consequently, streptolysin-O accumulated inside the cells and
induced an increased lysis rate on calpeptin-treated cells compared to its effect on
calpeptin-untreated cells204.
MVs have been implicated in anti-cancer drug-resistance205. Using a prostate cancer cell
line model, PC3, Jorfi et al.206 demonstrated that calpeptin’s inhibition of MVs release
allowed docetaxel and methotrexate to accumulate inside the cells, resulting in significant
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reduced cell proliferation and more cell death than that observed in the absence of
calpeptin treatment. Subsequent in vivo studies using nude mice showed reduced PC3
tumour growth following combined therapy with either docetaxel or methotrexate and
calpeptin (injected, 1 hour before the chemotherapeutics, directly in the tumour mass at
a dose of 10 mg/Kg) when compared to docetaxel or methotrexate treatment alone. This
phenomenon was proposed to be the result of decreased intra-tumoral vascularisation,
decreased proliferation and enhanced apoptosis of PC3 cells, which was enhanced by
calpeptin’s inhibition of micro-vesiculation of the tumour cells.

Figure 1.4: Calpeptin mode of action
Calpains, ones activated through calcium binding can activates different cellular processes including cell
migration, through their interaction with Talin and FAK, cell invasion, thorough the promotion of MMP
release and activation, MVs formation and release, through their activity on cytoskeletal proteins including
Cortactin. Calpains inhibitors are under investigation for clinical application in cancer research and Calpeptin
is one of the most studied.
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1.5.2 Y27632
Rho-associated protein kinases (ROCK) are a family of serine-threonine kinases belonging
to the PKA/PKG/PKC family and involved in regulating the shape and the movement of
cells, by acting on the cytoskeleton (Figure 1.5). This is relevant as re-organising the
cytoskeleton and mediating cellular contractility through activity on actin filaments is
important for MVs shedding. Y27632 is a commonly used cell-permeable, highly potent,
competitive inhibitor of both ROCK1 and 2 which is able to compete with ATP in binding
the catalytic binding sites of these kinases.
The involvement of ROCK kinases in MVs formation was investigating after up-regulating
these kinases in triple-negative breast cancer (MDA-MB-231) and ovarian cancer (HeLa)
cells105. Firstly, it was established that these cells, expressing the constitutively active
RhoA mutant, exhibited substantial MVs formation. This MVs release was suppressed
using RhoA siRNA; which abolished not only the effect of the RhoA mutant, but also the
effect due to an external cell activation using epidermal growth factor (EGF). To confirm
proteins causally involved, 5 µM Y27632 was used to block the activity of ROCK 1 and
ROCK 2 and, subsequently, MVs were no longer visible at the cell membrane.
Consequently, the medium conditioned by these cells contained a markedly reduced
amount of MVs. Finally, investigating what enzymes were activated by ROCK 1 and 2, the
main effect on MVs shedding was found to be due to the activation of LIMK and MYLK,
which act on cofilin and myosin, thus favouring cytoskeleton re-organisation and
filaments contraction.
To elucidate the major player between ROCK 1 and 2 in promoting MVs release, Sapet et
al.207 used a microvascular endothelial cell line (HMEC-1) activated by thrombin. Here,
thrombin was shown to stimulate an increase in MVs shedding from HMEC-1 cells, with
substantially increased transcription of ROCK 2 following 4 hours stimulation with
thrombin. Pre-treatment of HMEC-1 cells with 1 µM Y27632 prevented the thrombininduced MVs release. When specific siRNA targeting ROCK 1 and ROCK 2, respectively,
were used, siRNA against ROCK1 had no effect on MVs shedding, while the siRNA against
ROCK 2 extensively suppressed the thrombin effect. This indicated the involvement of
ROCK 2, but not ROCK 1, in MVs production.
To further investigate the mechanisms by which MVs are released, Lathan et al208
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performed experiments with hCMEC/D3 cells (immortalised primary microvascular brain
endothelial cells) after stimulation with tumour necrosis factor (TNF). Using the inhibitor
Y27632 (5 µM), a reduction in release of MVs in response to TNF occurred, as well as a
change in cell surface morphology, with cells adapting a more cobblestone shape and
presenting fewer fibrous protrusions. This effect correlated with the activity of the
inhibitor which sustains the activation of proteolytic enzymes, such as Stathmin and
Calpain, that destabilised the cell membrane. This study also proposed a fundamental role
for β- and γ-actins in facilitating membrane protrusion and MVs release.
The ability of Y27632 to efficiently inhibit MVs formation has been confirmed by many
research groups. Tramontano et al.209 reported a reduction in CD105+ and CD31+ MVs
release from human coronary artery endothelial cells (HCAEC) upon treatment with 10
µM Y27632 or 0.1 µM/mL statin (a well know anti-inflammatory molecule). Kim et al.210
highlighted the ability of isoflurane to activate endothelial cell Rho kinases, promoting an
increase in CD73-bearing MVs production in vitro using EAhy9262 cells (Immortalized
human umbilical vein endothelial cells) and GENC cells (Immortalized mouse glomerular
endothelial cells). 10 µM Y27632 prevented this response to isoflurane in vitro.
Additionally, Hussein et al.211 revealed a correlation between inhibition of MVs release,
using both 200 µM calpeptin or 30 µM Y27632, and increased endothelial cell apoptosis
and detachment in response to external stress induced by staurosporin and IL-1α. This
effect correlated to the inability of the cells to rid themselves of caspase 3, a pro-apoptotic
protein that normally accumulates in MVs and so is removed from these cells. The,
instead, accumulation of caspase 3 in the cytoplasm upon treatment with calpeptin and
Y27632 led to cell detachment and apoptosis.

- 26 -

Figure 1.5: Y27632 mode of action
Rho-associated protein kinases (ROCK) are serine-threonine kinases involved in cytoskeleton reorganisation. Once activated by multiple stimuli, ROCK regulate the shape and the movement of the cells,
through the activation of Adducin or ERM (ezrin, radixin and moesin), but they can also interact with MLC
(myosin light chain) and LIMK (LIM kinases, able to inactivate cofilin, fundamental for actin filament
stabilization) both involved in MVs release. Y27632 is a competitive inhibitor of both ROCK1 and 2 and by
blocking these proteins it is able to inhibit MVs release.

1.5.3 GW4869
GW4869 is a cell permeable, symmetrical dihydroimidazolo-amide compound that acts as
a potent, specific, non-competitive inhibitor of membrane neutral sphingomyelinase
(nSMase). nSMase is an ubiquitous enzyme that generates the bioactive lipid ceramide
through the hydrolysis of the membrane lipid sphingomyelin99. Quantitative analysis of
lipid molecular species contained inside the exosomes bilayer highlights an extensive
enrichment in cholesterol, sphingolipids and ceramide with lower amounts of
phosphatidylcholine than in the cellular membrane. This lipid composition is remarkably
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like that of lipid raft and treatment with exogenous SMase or application of C6-ceramide
can induce vesicles formation, underlying the importance of ceramide in ESCRTindependent exosomes generation (Figure 1.6). Conversely, treatment with GW4869
markedly reduces exosomes release. The cone-shaped structure of ceramide, released
upon the SMase activity is, thus, important during the formation of spontaneous
curvature, creating large lipid-raft domains involved in exosomes shedding79. SMase is
found in a range of compartments in all cells, including the Golgi apparatus, endosomes
and cell membrane, so its activity it is not only linked to exosomes generation, but also
MVs shedding. Specifically, using both the pharmacological inhibitor GW4869 and siRNAs
against sphingomyelin phosphodiesterase 2/3 (SMPD2/3) a correlation between apparent
exosomes inhibition and MVs release has been demonstrated. Either siRNA or 5 µM
GW4869 treatment on SKBR-3 cells resulted in increased quantities of vesicles with a size
range of 100-200 nm, while the quantities of smaller vesicles released was much reduced.
In keeping with this, over-expression of SMPD2 or SMPD3 decreased quantities of larger
(100-200 nm) vesicles that were released and increased smaller vesicles release. This
effect was also associated with a distinct lipid composition of MV bilayer, showing a higher
content of sphingomyelin with the respect of the overall cell membrane lipid composition,
that promotes the budding of cellular membrane. Thus deregulation of SMPD2/3 activity,
interfering with lipid composition, may shift the secretion of cell cargo from exosomes to
MVs or vice versa100.
GW4869 activity has been extensively studied on fibroblasts. Lyu et al.212 demonstrated
that exosomes released from cardiac fibroblasts carry pro-hypertrophic molecules and
that hypertrophy induced by cardiac fibroblasts conditioned medium (CM) was
dramatically attenuated when its exosomes were depleted. Exosomes release was
increased following cardiac fibroblasts’ activation using angiotensin II (AngII) and
exosomes uptake led to up-regulation of renin, Angiotensin I, Angiotensin receptor 1 and
2 (AT1R and AT2R) in receiving cardiomyocytes. These cardiac fibroblasts exosomes effects
were substantially inhibited when neonatal rat cardiomyocytes co-cultured with neonatal
rat cardiac fibroblasts were treated with 40 µM GW4869. These findings were also
supported by in vivo experiments on male C57BL/6N mice where AngII-induced
myocardial hypertrophy and cardiac fibrosis were markedly reduced upon treatment with
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GW4869 (via intraperitoneal injection of 2.5 mg/Kg body weight), supporting the role of
exosomes during cardiac pathologic hypertrophy.
Hu et al.137 reported that cancer-associated fibroblasts (CAFs) prime cancer stem cells
(CSCs) in colorectal cancer, promoting their chemo-resistance. In these studies, exosomes
isolated from 18Co fibroblasts stimulated SW620 CSCs to form larger spheroids than those
CSCs treated with the vehicle control (DMSO). Subsequent in vivo studies have been
performed. Mice implanted with CSCs and treated subcutaneously with 18Co cells’ CM
were successively injected intra-peritoneally with chemotherapeutic agents (1 µM 5fluorouracil or oxaliplatin). As a result, mice manifested higher tumour incidence, faster
tumour growth and larger tumours, demonstrating that 18Co cells’ CM is able to protect
xenograft tumours from chemotherapy, priming CSCs to become more resistant.
Additionally, when 18Co and CAF cells were treated with 10 µM GW4869 in vitro, the CM
effect on CSCs was markedly reduced, supporting the relevance of exosomes in the CSCs
priming process. Similar effects were also reported in vivo. Richards et al.213 showed that
CAFs exposed to 100 nM gemcitabine dramatically increased exosomes release that, in
turn, up-regulated cell proliferation and survival of chemo-sensitive recipient pancreatic
epithelial cancer cells (PDACs). However, removing exosomes from the CAF CM reduced
its ability to offer gemcitabine-resistance. Additionally, when CAFs were co-cultured with
chemo-sensitive pancreatic cancer cells (l3.6 cells), gemcitabine had reduced efficacy;
conversely, blocking exosome secretion using 20 µM GW4869 significantly reduced this
survival benefits. In vivo, in NOD/SCID mice bearing CAFs and ASPC1 cells, co-treatment
of gemcitabine and GW4869 (100 mg/Kg body weight) resulted in remarkably decreased
growth rate of the tumour 10 days after treatment, when compared to those treated with
gemcitabine alone.
The role of exosomes released by hepatic stellate cells (HSCs) has been investigated in
relation to chronic liver injury214. Here, pro-fibrogenic connective tissue growth factor
(CCN2)-GFP transfected donor LX-2 hepatic stellate cells were incubated with control nontransfected LX-2 cells. Fluorescence was detected in the control cells after 48 hours; this
fluorescence was reduced by 55% upon pre-treatment of the donor cells with 10 M
GW4869. This was proposed to show the ability of exosomes to transport CCN2 to HSCs
that may results in the amplification of fibrinogenic signalling in response to chronic liver
injury. In another model system, Zhou et al.215 reported negative influences of exosomes
- 29 -

released during wound healing in renal tubular cells. Specifically, when exosomes
production from BUMPT cells (Boston university mouse proximal tubular cells) was
inhibited using 10 µM GW4869 or 1 µM manumycin A, the wound healing process was
promoted, suggesting that the released exosomes reduced the rate of healing. EGF was
reported to be causally involved in exosomes release i.e. EGF-activated BUMPT cells had
dramatically decreased exosomes released, while suppression of EGFR activity using
gefitinib promoted exosomes release. Similar results have been obtained with PC9 (lung
adenocarcinoma) cells216. Here an increase in exosomes production occurred in response
to gefitinib; conversely, pre-incubating cells with 0.5-20 µM GW4869 for an hour before
gifitinib addition prevented gefitinib’s stimulatory effect on exosomes production. Also in
this study, exosomes derived from PC9 cells that were treated with either gifitinib or
cisplatin could modestly inhibit proliferation of co-cultured PC9 cells. Moreover, these
exosomes up-regulated autophagy.
Cao et al.217 reported the involvement of exosomal DNA methyltransferases (DNMTs) in
transmitting cisplatin-resistance to SKOV3 ovarian cancer cells. Specifically, exosomes
released from SKOV3 cells carry a significantly higher amount of DNMTs than exosomes
derived from normal endometrial stromal cell lines (ESCs). When these exosomes were
used to treat SKOV3 cells, cells showed significant resistance to 3µM cisplatin compared
to SKOV3 cells that were not treated with exosomes. After incubation with GW4869,
exosomes were collected and again used to treat SKOV3 cells. This treatment almost
completely abolished the transfer of DNMTs between cells. The resistance to cisplatin,
which was proposed to be due to exosomal DNMTs, was remarkably reverted by GW4869.
Exosomes (and other EVs) have been implicated in tumour progression. In melanoma,
Matsumoto et al.218 reported the growth stimulating effects of B16BL6-derived exosomes
when taken up autocrinally. 5 µg/mL GW4869 treatment significantly decreased the
growth of B16BL6 cells compared with that of untreated or vehicle-treated (DMSO) cells,
which was proposed to show that GW4869 inhibition of exosomes secretion suppressed
the proliferation of murine B16BL6 cells. The same effect was observed in vivo using
C57BL/6J mice subcutaneously inoculated with B16BL6 cells. Here, B16BL6-derived
exosomes injected into mice promoted tumour growth compared to those mice treated
with PBS, while GW4869 treatment (1 µg of drug injected inside the tumour mass every
day) was associated with significantly reduced tumour growth and thus murine survival.
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Recently, Panigrahi et al.219 proposed a fundamental role of exosomes under chronic
hypoxia. They reported that prostate cancer cells (LNCaP, 22Rv1, and PC3 E006AA-hT)
secrete more exosomes when cultured in this condition, compared to normoxic
conditions, as a survival mechanism to remove metabolic waste. In fact, under hypoxic
conditions, cells increase the production of lactic acid that was found encapsulated in the
released exosomes. Additionally, preventing exosomes production using the GW4869
inhibitor (10-20 µM), the researchers observed a lower cell viability compared to the
untreated cells, demonstrating a fundamental role of exosomes in survival of these cancer
cells.
Exosomes seem to also play an essential role in immune regulation. For instance,
exosomes have been associated with house dust mite allergen-induced airway
inflammation220. In a C57BL/6J mouse model, Th2-immune targeted miRNAs were found
to be selectively released into the airway lumen via exosomes during allergic
inflammation. Pre-treatment of mice with GW4869 (1.25 mg/Kg) or DMSO, injected
intraperitoneally, decreased exosomes release in vivo and, in turn, decreased the
numbers of eosinophils recruited and accumulated in the mucosa. Additionally, this
treatment also suppressed the production of IL-4 and IL-13, thus reducing the proinflammation signals. Exosomal miRNA content was further connected with different
immune system modulating pathways including T-helper cell differentiation, granulocytes
adhesion, diapedesis and leukocyte extravasation. Similarly, Essandoh et al.221 reported
on the negative effects of exosomes during sepsis-induced inflammation and cardiac
dysfunction. In vitro study showed that RAW264.7 macrophages challenged with LPS
increased exosomes release and that these exosomes carried pro-inflammatory
cytokines, such as TNF-α, IL-1β and IL-6. When these cells were treated with 10-20 µM
GW4869, the amount of exosomes released -and thus of pro-inflammatory cytokines
present in their CM- was substantially decreased. A similar effect was also observed in
vivo using C57BL/6 mice. These mice have been intraperitoneally injected with 2.5 µg/g
GW4869 for 1 hour, followed by an intraperitoneal injection of 25 µg LPS; pre-treated with
GW4869 presented a significant decrease in endotoxin-triggered production of exosomes
and pro-inflammatory cytokines into their serum. As a consequence, sepsis-induced
cardiomyopathy was prevented and animal survival was improved in the GW4869 pretreated cohort of mice.
- 31 -

The neutral sphingomyelinases pathway is also involved in prion protein packaging into
exosomes. In a rat immortalised hypothalamic cell line, GT1-7, whether infected or not
with a mouse-adapted strain of human prion (M1000), the quantity of exosomes released
was inhibited upon treatment with 4 µM GW4869. Interestingly, a decrease of both
cellular PrPTOT and PrPSC was observed. The lowered PrP levels in the cells, in turn, were
also observed in their exosomes, indicating that packaging of PrP into exosomes is
regulated by nSMase pathway

104

. In OvRK13 cells infected with the ovine 127S prion

strain, 10 µM GW4869 treatment did not affect infectivity levels in ovRK13 recipient cells.
However, it did dramatically inhibit infectivity released into the CM, although GW4869
marginally inhibits the release of other exosomal proteins such as Alix, Flotilin-1 and
TSG101. This suggests the involvement of exosomes in PrP release. The same effects were
observed using shRNA against TSG101 of the ESCRT-dependent pathway. Together this
data supports both ESCRT-dependent and ESCRT-independent pathways participating in
extracellular release of actively multiplying prions and suggests that inhibiting these
pathways could be beneficial to prevent prion spreading222.

1.5.4 Manumycin A
Ras is a family of small GTPases able to regulate the function of other proteins and
involved in many different cellular processes including cytoskeletal integrity, exosomes
release, apoptosis, cell proliferation, cell differentiation, cell adhesion and migration. Due
to their range of functions, it is not surprising that their de-regulation -which can occur in
cancer cells- contributes to increased invasiveness, metastasise and reduced apoptosis.
Structurally, RAS is composed of two domains: the G domain that binds the GTP and the
C-terminal membrane-targeting domain. To function properly, the C-terminal domain
must be modified by the addition of a lipid chain, a modification mediated by the activity
of a farnesyl transferase enzyme. Inhibition of this modification by farnesyl transferases
inhibition, in turn, inhibits Ras activity and so prevents its down-stream effects (Figure
1.6). One of the most commonly used farnesyl transferases inhibitors is manumycin A, a
cell-permeable antibiotic extracted from Streptomyces Parvulus that is described as acting
as a selective and potent inhibitor of Ras farnesyltransferases. Due to the involvement of
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Ras during exosomes release, manumycin A has been investigated as an inhibitor of
exosomes secretion.
Using manumycin A, Hyun Jeong Oh et al.223 demonstrated the involvement of exosomes
during neuronal differentiation. Specifically, this study showed that exosomes carrying
miRNA-193a and released from F11 cells (rat dorsal root ganglion cells) when in co-culture
with undifferentiated F11 cells stimulate neurogenesis of these undifferentiated recipient
cells. This differentiation was inhibited by pre-treating the donor cells with 5 µM
manumycin A and was linked to a reduction in the amount of released CD63-bearing
exosomes.
Datta et al.224 reported the inhibitory activity of manumycin A specifically on the ESCRTdependent exosomes biogenesis. Here, in prostate cancer cell lines (C4-2B, PC3 and
22Rv1) the activity of 250 nM manumycin A led to a reduction in exosomes production by
50-60 % depending on the particular cell line and the effect was even more substantial
when manumycin A was used in combination the nSMase inhibitor GW4869. This study
also reported manumycin A’s mechanisms-of-action as not only inhibitory to Ras and its
farnesyltransferases, but also to hnRNP H1, a protein belonging to the heterogeneous
nuclear ribonucleoproteins and involved in the regulation of pre-mRNA biogenesis,
metabolism and transport. Apparently, the additional inhibition of this protein enhances
the inhibitory effect on exosomes biogenesis.
Furthermore, using manumycin A, Zhou et al.215 demonstrated a role of exosomes during
wound-healing process. Their study initially correlated exosomes secreted by scratched
BUMPT cells with a negative effect on the wound-healing process. To further support
these findings they progressed to reducing exosomes release. The results showed an
increased wounded area after BUMPT cells scratch upon 10 µM GW4869 or 1 µM
manumycin A treatment, confirming the deleterious effect of exosomes on this process.
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Figure 1.6: GW4869 and Manumycin A mode of actions
Exosomes are released from intracellular compartments known as Multi-Vesicular Bodies (MVBs). MVBs
biogenesis is associated with two different mechanisms: ESCRT-dependent and ESCRT-independent
pathways.
ESCRT is a multi-molecular machinery composed by different proteins able to interact with ubiquitylated
cargos and promote the formation of Intra-Luminal Vesicles (ILVs). The ESCRT pathways seems to be
associated to RAS, a small GTPases able to orchestrate different cellular processes including exosomes
production and cell proliferation, differentiation, adhesion and migration. In order to function properly, RAS
have to be linked to a lipid chain, link done by the activity of specific enzyme called farnesyl-transferases.
Manumycin A is able to inhibit these latter enzymes, thus in turn it is able to prevent RAS activation and
function, preventing the formation of exosomes through the ESCRT pathway.
The ESCRT-independent pathway is orchestrated by neutral sphingomyelinases, a family of enzyme able to
convert sphingomyelin, present inside lipid raft, in ceramide. The resulting ceramides, interacting with each
other, form large microdomains inducing the budding and the formation of ILVs into MVBs. GW4869 is a
potent neutral sphingomyelinases inhibit that, preventing the formation of ILVs is able to block exosomes
production.
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1.6 Immune system and the tumour microenvironment
Tumour microenvironment (TME) is the environment in which tumours develop and
progress and includes not only proliferating cancer cells but also the tumour stroma,
blood vessels and a variety of associated tissue cells including infiltrating inflammatory
cells. This TME is mostly created by the tumour itself and, thus, it is dominated by tumourinduced interactions. Although various immune effector cells are recruited to the tumour
site, their anti-tumour function are often downregulated, largely in response to tumourderived signals225,226.
In addition to tumour cells, immune cells are largely present within the tumour
microenvironment and comprise a wide range of immune cells including macrophages,
dendritic cells, T lymphocyte and more rarely B cells and NK cells. Tumour-infiltrating
lymphocytes (TILs) are usually the major component of the tumour microenvironment.
However, they are largely ineffective in arresting tumour growth and perform an efficient
tumour

surveillance.

Among

the

lymphocytes

present,

a

subset

of

CD4+CD25high Foxp3+ cells are expanded (5–15 % of CD3+CD4+ T cells in TIL)227–229. These
are regulatory T cells (Treg) and they possess the ability to downregulate the proliferation
of other T cells, promoting the failure of immunosurveillance. In fact, accumulation of Treg
is a common feature of tumours and has been associated with poor prognosis in lung and
breast cancer230.
Numerous animal tumour models have provided strong evidence that in the presence of
effective anti-tumour immunity, tumours fail to progress and established tumours
regress. For this reason, efforts have been invested in the development of cancer
immunotherapy, with the scope of re-establishing a functional immune system able to
properly fight cancer progression231.

1.6.1 CD73 and the tumour microenvironment
CD73 or ecto-5’-nucleotidase, is a glycosylphosphatidylinositol (GPI)- anchored cell
surface enzyme that catalyses the dephosphorylation of extracellular AMP to adenosine
and, thus, plays a critical role in maintaining tissue homeostasis by converting/switching
ATP-triggered immune activation to adenosine-mediated immunosuppression. While ATP
mediates inflammatory responses through their P2 purinergic receptors, that is, P2XRs
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and P2YRs, it is rapidly hydrolysed by the enzymatic cascade via CD39 (NTPDases) and
CD73 to generate adenosine that acts as an anti-inflammatory mediator to downregulate
the immune cell function through its four receptors (A1, A2A, A2B, and A3). As such, CD73,
by degrading extracellular AMP to adenosine, is a key player for the establishment of an
immunosuppressive tumour microenvironment (TME)232–234.
CD73 is expressed on many host cell types, including subsets of lymphocytes, endothelial
cells (EC), and dendritic cells (DC) and it is broadly expressed/overexpressed in many types
of cancer including breast cancer, colorectal cancer, glioblastoma, melanoma, prostate
cancer, ovarian cancer, and non-small-cell lung cancer235–238.
CD73 plays a fundamental role in tumour immune surveillance escape, mainly through
three main mechanisms, (i) inhibition of clonal expansion, activation and homing to
tumour specific T cells; (ii) increasing the suppressive capabilities of immunomodulatory
Treg and Th17 cells; and (iii) accelerating the conversion of anti-tumour type 1
macrophages into pro-tumour type 2 macrophages239,240.
CD73, additional to its enzymatic activity, has a non-enzymatic associated function. In fact,
it is also a signal and adhesive molecule that can regulate cell interaction with the
extracellular matrix component and mediate cancer invasive and metastatic properties.
Specifically, CD73 also involved in the control of cell growth, differentiation, invasion,
migration and metastasis, can enhance tumour cell adhesion and chemotaxis and it may
contribute to tumour angiogenesis241–246.
CD73, being a GPI-anchored protein, is mainly associated with lipid raft. Thus, not
surprisingly, it has been associated with EVs that contributes to dampening the antitumour immune response. CD73 protein and its AMPase activity have been detected in
EVs derived from cancer cells, regulatory T cells, mesenchymal stem cells and also
plasma247–251. In the latter, EVs isolated via SEC or dUC from plasma of healthy donors or
patients with neck squamous cell carcinoma exhibited AMPase activity and converted ATP
to adenosine in co-cultures with CD39+ Tregs, demonstrating that co-expression of CD39
and CD73 on the same cell is not necessary to endow Tregs with adenosine-mediated
suppressive function252. Thus, the enzymatic activity of CD73 in EVs contributes
significantly to impair anti-tumour immune responses.
A soluble form of CD73 has been also reported253. Soluble CD73 contained myo-inositol,
a part of the GPI-anchor linked to the protein after phospholipase shedding, confirming
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release from the membrane by endogenous phospholipase C or D254. These two
phospholipases cleave the GPI-anchor at different sites, and only cleavage by
phospholipase C leaves the enzymatic activity intact. Interestingly, resistance to
phospholipase C-mediated shedding is due to palmitoylation of the inositol-group255.
Therefore, palmitoylation of the GPI-anchor may represent a regulatory mechanism to
control shedding of CD73.
Direct comparison of AMPase activity among lymphocytic membrane-bound CD73, GPIanchored CD73 inserted into an artificial lipid bilayer and sCD73 revealed lower catalytic
efficiency of the membrane-bound forms. Further, phospholipase C-mediated release of
CD73 from the membrane results in enhanced ectonucleotidase activity256,257. Thus,
phospholipase-mediated release of CD73 from the cell membrane does not only increase
its range of action, but also boosts its enzymatic activity.

1.6.2 IDO1 and the tumour microenvironment
Tryptophan (Trp) is the rarest amino acid thus its levels are extensively regulated inside
our body. Two main pathways are involved in tryptophan metabolism: the serotonin
pathways that is involved in the 5% of the total tryptophan catabolism and the Kynurenine
(Kyn) pathways that account for the remaining 95% of the tryptophan catabolism258.
Kyn pathway metabolism rate-limiting step required for conversion of Trp into Kyn is
oxidative cleavage of a 2,3-indole ring double bond that forms N-formylkynurenine, which
is almost immediately converted to L-Kyn. Three different Trp dioxygenases have been
identified in mammals, including IDO1, tryptophan 2,3-dioxygenase (TDO) and IDO2.
IDO1, is the most active enzyme between the three and it is the most widely distributed.
In fact, under normal conditions, TDO is primarily expressed in the liver, placenta and
brain, while IDO1 is detected throughout mammalian tissues at various levels, including
the central nervous system, epididymis, intestine, thymus, respiratory tract, spleen,
pancreas, placenta, lens, kidney, myeloid cells and endothelial cells, and has been shown
to be increased in select tissues with age. Additionally, pro-inflammatory factors, such as
INF-γ or IL-6, are the major agonist of IDO1 expression, while TDO expression answer
mostly to tryptophan, cholesterols, and prostaglandin E2 levels259–264.
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The pleiotropic role of IDO in cancer includes the suppression of cytotoxic T lymphocytes
(CTL and natural killer (NK) cells, the generation and activation of regulatory T (Treg) and
myeloid-derived suppressor cells (MDSCs) as well as the promotion of tumour
angiogenesis. The immunomodulatory functions of IDO1 can be attributed to Trp
starvation and increased Kyn levels. More specifically Trp depletion induces cell cycle
arrest of T cells and apoptosis through inhibition of mTORC1, while inducing a stress
response that activates GCN2 kinase leading to anergy of infiltrating T cells265–280.
Accumulation of kynurenines induce effector T cell arrest and lead to binding of AhR. This
results in nuclear translocation and promotion of FoxP3 transcripts and IL-10, eventually
producing regulatory T cell populations. Additionally, AhR suppresses innate
immunogenicity of antigen presenting cells and promotes IL-10 production by natural
killer cells281–289.
IDO has been found overexpressed in various tumour cell types including melanoma,
chronic lymphocytic leukemia, ovarian, CRC, and more recently in sarcomas290,291.
Similarly, increased circulating levels of Trp metabolites, such as Kyn, have been detected
in patients with various cancers and have been attributed a poor predictive value in some
cohorts292–294. High levels of IDO not only correlate with poor outcome in some
malignancies but they may also be implicated in drug resistance, as this has been reported
for IDO1-expressing ovarian cancer patients295. Likewise, higher Kyn/Trp ratio have been
shown to predict resistance to programmed cell death 1 (PDCD1, best known as PD-1)
blockade in patients with non-small cell lung carcinoma (NSCLC)296–299. At last, profiling of
advanced melanoma and renal cell carcinoma (RCC) patients showed that Kyn/Trp
alterations correlated with overall survival upon administration of nivolumab.

1.6.3 Immunosurveillance escape in prostate cancer
Positive association between chronic inflammation and prostate cancer is well
known300,301. Unfortunately, immune checkpoint inhibitors as single agents or in
combination have shown limited activity against prostate cancer in clinical trials thus
far302–304.
Autopsy studies have demonstrated PC often begins in the 3rd and 4th decades of life.
However, it becomes detectable decades later due to its slow progression305–307. This
provides time for the immune system to develop adaptive immune responses to tumour
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associated antigens. Moreover, this leads to an immunologically tolerant TME. In this
regard, PC is characterised by T-cell exclusion. In fact, T cells are restricted to the adjacent
stroma and benign areas which prevents the direct contact between effector cells and
cancer cells. Furthermore, the immune cells that are present, are frequently characterised
by anergic and immunosuppressive phenotypes, including Tregs and TAMs. That serve to
form an immunosuppressive barrier that includes elevated levels of IDO1, nitric oxide
(NO), interleukin 10 (IL10), prostaglandin E2 (PGE2), hepatocyte growth factor beta (HGF),
transforming growth factor beta (TGF-β) and adenosine308–319.
These findings indicate that immune recognition of prostate cancer is restrained through
orchestrated immune dampening by the surrounding stroma. Consequently, in order for
immunotherapy to produce robust anti-tumour responses in PC, this exclusion barrier and
the immunosuppressive ME must first be overcome320.
Many studies focused on the expression and overexpression of CD73 in prostate cancer
microenvironment. Specifically, CD73 has been reported as prognostic factor in prostate
cancer. In fact, Leclerc at al.321 associated CD73 expression in prostate cancer epithelium
with suppression of CD8+ T cells immunosurveillance, while Yang et al.322 showed that the
expression of CD73 in lymph node metastasising prostate cancer was higher compared
with non-metastasizing one, proposing CD73 as possible therapeutic target. Furthermore,
Song et al.323 reported downregulation of miR-30d-5p in prostate cancer tissue compared
to the adjacent normal tissue and compared to normal prostate cancer cells. Main target
of this miRNA is CD73 mRNA, thus its downregulation was correlated with overexpression
of CD73 and to a higher immunosuppressive environment.
Gardani et al.324 reported an elevated nucleotide hydrolysis activity of plasma from
prostate cancer patients compared to healthy individuals. This nucleosidase activity was
dramatically reduced in response to CD73 inhibitors highlighting the beneficial activity of
immunotherapy in PC. Additionally, this activity was associated by authors to sCD73, since
microvesicles proved to be CD73 negative however these data do not exclude a possible
involvement of exosomes derived CD73.
Although the presence of CD73 on exosomes derived from prostate cancer has not being
proved yet, there are evidence of exosomes involvement in the immunosuppressive
environment formation. Specifically, Salimu et al.250 found an immunosuppressive effect
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of exosomes during tumour antigen cross-presentation, mediated by CD73 induction on
DC that resulted in adenosine-mediated immunosuppression.
As for CD73, IDO1 has been correlated with advanced prostate cancer as well. Zahm at
al.325 found an increased IDO1 activity in patients with more advanced prostate cancer.
This activity and IDO1 expression levels as detected immunohistochemically increased
following treatment with either a DNA vaccine encoding the prostatic acid phosphatase
(PAP) tumour antigen or PD-1 blockage with pembrolizumab. Furthermore, Ihle et al.326
associated an enrichment of immune checkpoints including PD-L1 and IDO1 with blastic
prostate cancer metastasis in the bone marrow, while Wang et al.327 reported correlation
between the serum level of immune checkpoint related protein with outcomes of
localised PC. Specifically, IDO 1 was correlated with both risk of biochemical recurrence
and prostate cancer progression. Finally, Sun et al.328 showed a correlation between Ncadherin expression and the upregulation of PD-L1 and IDO1 through IFN-γ signalling. The
use of N-cadherin inhibitors in preclinical experiments led to tumour infiltrating
lymphocyte activity restorage through suppression of PD-L1 and IDO1 expression that
ultimately led to slowed tumour growth and extended the survival time.
Although the presence of IDO1 inside EVs deriving from cancer, including prostate cancer,
has not yet been investigated, several studies on MSCs reported the ability of EVs to carry
this enzyme and thus promote an immunosuppressive environment via EVs release329–331.

1.7 Aim
The fundamental roles of EVs within the tumour microenvironment - that lastly results in
cancer survival and progression – make them interesting targets for cancer treatment
research. The disparity in EVs separation methods that ultimately lead to the recovery of
different vesicles, from different origin and, lastly, with different function, makes the
evaluation of possible anti-EVs pharmacological agents trivial.
In this thesis, we firstly aim to understand the functional effects of the secretome of
docetaxel-resistant prostate cancer cells on a panel of prostate cell lines representing the
heterogeneous population of cells that can normally be found within the tumour mass.
This was performed in order to unravel the involvement, in tumour progression, of all
secreted factors present inside the tumour microenvironment.
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We then moved on focusing our attention on EVs, in order to properly discern their effect
on tumour progression from the cellular secretomes. In order to perform this task, we
were in need of optimising an EVs separation protocol able to recover a high quantity of
EVs characterised by high purity. For this, we used a series of combined approaches,
exploiting more than one separation/purification methods, in order to achieve our
optimisation goals.
Once satisfied with the performances of the optimised separation methods we moved on
evaluating the docetaxel-resistant prostate cancer cells derived EVs’ effects on prostate
cancer. Most of the studies reported in literature focused on the evaluation of the EVs
function separating EVs according to their size or their buoyant densities. However,
independently from their size, we believe that EVs function is mostly connected to where
in the cells EVs originate. For this reason, we selected four different inhibitors, reported
to block different EVs production pathways, in order to recover different EVs
subpopulations with the final aim of understanding how the EVs origin impacts EVs
function. The inhibitors selected, although previously reported in literature, were mostly
used independently from each other; on different cell lines, sometimes leading to
conflicting results; EVs were isolated with disparate separation methods - when separated
from the biofluid under analysis -, sometimes known to be unsuitable for EVs study; and,
most importantly, EVs recovered were only partially characterised or not characterised at
all.
In this thesis, for the first time, four inhibitors’ (used alone or in combination) effects were
finely characterised following MISEV 2018 guidelines. EVs were separated from the same
cell lines and studied using the same separation and characterisation methods. At the end
and for the first time for some of the inhibitors, recovered EVs functionality was assessed
on a panel of prostate cells and using different functional assay.
Tumour formation and progression is not only regulated by factors strictly associated with
cancer cells, but it is also associated with the crosstalk that cancer cells have with the
tumour microenvironment (TME). One of the most known effects of cancer cells on TME
stromal cells includes immunosuppressive activity on the tumour-infiltrating lymphocytes
that are usually rendered ineffective or are pushed to differentiate in Tregs. This process
is mainly regulated by two enzymes, IDO1 and CD73. In this thesis we evaluated for the
first time the effect of chemotherapy on the expression of these two enzymes firstly on
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seven different cells lines, representing different cancer types, and, subsequently, on
prostate cells derived EVs. We showed for the first time that cells accumulate these two
enzymes inside EVs and that, during docetaxel treatment, cells downregulate the internal
expression levels of both CD73 and IDO1 without affecting the EVs levels of these
enzymes. Our preliminary results suggest that the immunosuppressive effect of prostate
cancer cells on TME lymphocytes could be connected more on the presence of cancer
derived EVs than cancer cells per se.
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CHAPTER TWO: In Vitro
Evaluation of the Effects of
Docetaxel-Resistant Cell
Secretome in Prostate Cancer
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2.0 Abstract
The importance of the tumour microenvironment in cancer growth and progression is
widely recognised. Tumour-secreted factors, originating from malignant cells, are
important modulators of cancer development and progression. Tumorigenic cells
modulate the stroma by secreting growth factors, cytokines, and biomolecules that
collectively are known as the secretome and which can promote angiogenesis; fibroblast
proliferation; and inflammatory cells recruitment, activation, or suppression. The change
in the tumour microenvironment leads to a change in the tumour cells, promoting a
reciprocal interaction that subsequently leads to the worsening of the conditions. Since
the secretome includes everything released or shed by cells, it represents the functional
and biological state of cancer and, thus, holds great promise for cancer biomarkers and
drug target discovery, as well as offering basic insight on cancer biology.
In this study, our main aim was to understand the importance of the secretome collected
from docetaxel-resistant prostate cancer cells’ in the spreading aggressive behaviours
within the tumour microenvironment. To evaluate the effects derived from both EVs and
proteins, we initially concentrated the conditioned media using 10 kDa filters to not lose
any fundamental macromolecules that may have functional relevance. The concentrated
secretome was then re-suspended in fresh media and its effects evaluated on a panel of
prostate cell lines using: proliferation assays, to understand the possible impact on cellular
growth; migration assays, to understand any effect on cellular motility and, thus, the
cellular ability to spread in surrounding tissue; and cytotoxicity assays, to understand any
possible of transfer of docetaxel-resistance.
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2.1 Introduction
The term “secretome” was introduced by Tjalsma et al.332 to describe proteins released
by a cell, a tissue, or an organism - through different secretion mechanisms - into the
extracellular environment. The cancer secretome has been described including
extracellular matrix components, nucleic acid and all the proteins that are released from
a given type of cancer cells, such as growth factors, cytokines, adhesion molecules, shed
receptors and proteases and reflects the functionality of its cells of origine at a given time
point 332–334.
Secretome plays an important role in the regulation of cell-to-cell interactions, essential
to their normal physiological functions. Thus, alterations in the secretome are often
associated with pathophysiological conditions, such as cancer 335–339. Indeed, secretome
analysis has led to the identification of hallmarks of cancer such as uncontrolled
proliferation, reduced apoptosis, invasion and metastasis, alteration in energy
metabolism and resistance against anti-cancer therapy

340,341

. Moreover, secretome

studies have contributed to a better understanding of the molecular mechanism involved
in the pathogenesis of several diseases and to the development of novel treatment
strategies. Secretome, being less complex than many other biological fluids, allows easier
identification of low abundant proteins, thus representing a useful source for biomarkers
or therapeutic targets’ discovery 342–345.
One of the major obstacles in cancer treatment is the extensive ability of the cancer cells
to change and mutate in response to stimuli, both endogenous, (that is strictly associated
with tumour microenvironment) and exogenous, (that is mainly connected to the
treatment used to fight the tumour growth). Particularly, chemotherapy is often
considered a potential double-edged sword: the therapeutic efficacy on the primary
tumour may be counterbalanced by the induction of tumour/host reactive response
supportive of survival and dissemination of cancer cell sub-populations 346.
Prostate cancer is one example in which chemotherapy, although initially efficient,
eventually can lead to the selection of specific cell sub-populations resistant to
chemotherapy and thus leads to promoting cancer relapse. Particularly, docetaxel is
considered the “gold standard” treatment but, unfortunately, a significant proportion of
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men with castrate-resistant prostate cancer do not respond well to docetaxel-based
therapy and ultimately develop docetaxel resistance 347.

2.1.1 Aim
In this chapter, the cellular secretome was collected from two different Docetaxel
resistant cell lines, PC3RD and DU145RD, and its potential to transfer aggressive
behaviours of its cells of origin, to the neighbouring cells was evaluated in an effort to
understand the biological impact of chemotherapy resistance acquisition within the
tumour mass. Specifically, the two secretomes were evaluated on a panel of prostate
cells. These included normal prostate cells (PNT2), Androgen sensitive prostate cancer
cells (22Rv1) and androgen resistant prostate cancer cells characterised by highly
metastatic potential (DU145 Ag, PC3 Ag) in order to better understand the impact of these
secretomes on different stages of cancer progression present as prostate cells may
realistically co-exist inside the tumour mass.
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2.2 Materials and Methods

2.2.1 Cell culture
DU145RD, PC3RD, PNT2, 22RV1, PC3 Ag and DU145 Ag cell lines were grown in RPMI
medium (Sigma-Aldrich, Cat. # R0883) containing 10 % foetal bovine serum (FBS) (Gibco,
Cat. #: 10270106) and 20mM L-Glutamine (Sigma-Aldrich, Cat. #: 10516) at 37 °C, 5 % CO2.
Mycoplasma testing was performed by reverse-transcriptase polymerase chain reaction
(RT-PCR) (ATCC; cat #30-1012K) routinely every three months.

2.2.2 Production of EVs depleted FBS or dFBS
FBS was depleted of extracellular vesicles (EVs) by ultracentrifugation at 120,000 g at 10 °
C for 18hrs and sterilised using 0.22 µm syringe filters (ThermoFisher, Cat. # 723-2520). It
was then denoted dFBS. A schematic representation of the workflow used for dFBS
production is illustrated in Figure 2.1.

Figure 2.1: EV-depletion protocol for dFBS production
Workflow used for the production of EV-depleted FBS. FBS was initially spun down at 120,000 g for 18 hours
at 10 °C (Backman Coulter rotor 70 Ti). The following day, tubes were opened and the first 8 mL, containing
very clear EVs-containing fraction was discarded together with the bottom 5 mL containing a very dark,
dense EV containing. The central part, around 26 mL was thus collected, filtered through a 0.2 µm filter and
added to the culture media.

2.2.3 Cellular Secretome Production
PC3RD and DU145RD cells were seeded at 2 x 106 cells/T175 flask in RPMI (Sigma-Aldrich,
Cat. # R0883) media supplemented with 10 % FBS (Gibco, Cat. # 10270106) and 20 mM LGlutamine (Sigma-Aldrich, Cat. # 10516). The following day the culture media was
replaced with RPMI medium supplemented with 10 % dFBS (Gibco, Cat. # 10270106), 20
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mM L-Glutamine (Sigma-Aldrich, Cat. # 10516) and 1 % penicillin/streptomycin (SigmaAldrich, Cat. # P4458) and cultured for another 48 hours. Conditioned medium (CM), also
termed secretome (S), was collected from each flask and the producing cell number was
counted. The CM was centrifuged at 300 g for 10 minutes at 4 °C, 3 times, as a pre-clearing
step. The CM (approximately 110 mL) was then concentrated using Amicon Ultra-15
Centrifugal Filter Units (Merk, Cat. # UFC901024) at 4,500 g until all the CM was
concentrated down to 2 m. This was stored at -80 °C until further use. For EV-depleted
secretome (dS), here used as a control, the same procedure was followed with an
additional step of ultracentrifugation at 200,000 g for 6 hours, to remove most EVs
present in the CM, before concentration. The scheme of the procedures followed and the
subsequent treatments regime is reported in Figure 2.2.

Figure 2.2: Secretome production scheme
Procedures used to perform secretome (S) and EV-depleted secretome (dS) production, including the
strategy used to evaluate their activity on receiving cell lines. Briefly, DU145RD and PC3RD were cultured
for 48 hours, followed by the collection of conditioned media and its clearing of cell debris by spinning thrice
at 300 g for 10 minutes. The cleared conditioned media was either directly concentrated using Amicon filter
units to produce the complete secretome or spun down at 200,000 g for 6 hours (Backman coulter rotor 70
Ti) and subsequently concentrated using Amicon filter units to produce the EV-depleted secretome. Once
concentrated (final volume 2 mL), secretome or EV-depleted secretome was resuspended in 55 mL of fresh
media and their effect on proliferation, cytotoxicity and migration assays of PNT2, 22Rv1, PC3 Ag and DU145
Ag cells were evaluated. Secretomes were used in two concentrations to evaluate a dose-response,
respectively the 25 and the 50% of the final volume used to perform the functional assay. Specifically for
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cytotoxicity and proliferation assay a final volume of 200 µL was used thus 50 and 100 µL of resuspended
secretomes were added to respectively 150 and 100 µL of fresh media in order to obtain a final secretome
concentration of 25 and 50%. For migration assay, a final volume of 500 µL was used, thus 125 and 250 µL
of resuspended secretomes were added to respectively 375 and 250 µL of fresh media in order to obtain a
final secretome concentration of 25 and 50 %.

2.2.4 Resuspension of resistant cells secretome and functional assay treatment
To treat the cells, 2 mL of concentrated secretome or EV-depleted secretome was resuspended in 55 mL of fresh RPMI (Sigma-Aldrich, Cat. # R0883) media supplemented with
10% dFBS (Gibco, Cat. # 10270106) and 20 mM L-Glutamine (Sigma-Aldrich, Cat. # 10516).
The final volume of re-suspended medium (57 mL) was established in order to perform all
assays on all cell lines using the same biological replicate. These re-suspended media were
then used to treat the cells for a range of assays, as follows:
-

For proliferation and cytotoxicity assays in which 200 µL of media are used as final
volume in each well, 50 or 100 µL of re-suspended secretome or EV-depleted
secretome were added in each well, followed by the addition of, respectively, 150
and 100 µL of dFBS-containing media, to obtain a final concentration equal to 25
% and 50 % of re-suspended secretome or EV-depleted secretome.

-

For migration assay in which 500 µL of media are used as final volume in each well,
125 or 250 µL of re-suspended secretome or EV-depleted secretome were added
in each well, followed by the addition of, respectively 375 and 250 µL of dFBScontaining media, to obtain a final concentration equal to 25 % and 50 % of resuspended secretome or EV-depleted secretome.

2.2.5 Proliferation assay
PNT2 and 22Rv1 cells were seeded at 3x103 cells/well, while PC3 Ag and DU145 Ag were
seeded at 2x103 cells/well in 96-well plates (well diameter: 6.4 mm) in 10 % FBS-containing
RPMI media and allowed to attach overnight. Seeding densities were established with a
seeding densities trial. The following day the cells were treated with PC3RD or DU145RD
secretome (or dEV PC3RD or DU145RD as control) with a volume corresponding to 25 %
and 50 % of the final volume present in the well. 24/48 and 72 hrs post-treatment, acid
phosphatase assays were performed to measure cell proliferation. Specifically, cell
medium was removed and cells were subsequently washed with 100μl PBS (twice) (Sigma- 49 -

Aldrich, Cat. #: P8537). 0.1 M sodium acetate buffer was prepared (500 mL dH20, 4.1 g
sodium acetate (Sigma Aldrich, Cat. #: S5636), 500 μl triton X (Sigma-Aldrich, Cat. #:
T8787), pH 5.5) and subsequently used for the phosphatase substrate buffer. Fresh
phosphatase substrate buffer was prepared immediately before using 0.27 g of 10 mM pnitrophenol phosphate (VWR chemicals, Cat. #: 27963.101) per 100 mL sodium acetate
buffer. 100 μL of phosphatase substrate was added to each well. The plates were wrapped
in aluminium foil and placed in an incubator at 37°C/5% CO2 for 1.5 hr. After the
incubation period, 50 μL of 0.1 M NaOH (Sigma Aldrich, Cat. # S5881) was added to each
well to stop the reaction. The absorbance was read at 405 nm using the FlouStar Optima
microplate reader (BMG Labtech, serial #: 413-2103).

2.2.6 Wound healing (migration) assay
PNT2 and 22Rv1 cells were seeded at 3x 104 cells/well, while PC3 and DU145 cells were
seeded at 2x 104 cells/well in a 24-well plate (well diameter: 15.6 mm) in 10 % dFBScontaining RPMI medium and allowed to attach overnight. Sedeeing densieties were
established with a seeding densities trial. The following day, the confluent layers of cells
were scratched with a p200 pipette tip down the centre of the well. The cell culture media
was removed from the wells and they were washed twice with 500 µl of 1 % dFBS medium.
DU145RD or PC3RD secretome (and dEV DU145RD or PC3RD, as control) were added to
the appropriate wells at a volume representing the 25 % and the 50 % of the final volume
in 1 % dFBS medium. Images were taken (×3 for each well) along the scratch with a 10X
objective lens using the Olympus IX81 inverted microscope just after treatment (0 hrs)
and after 24 and 48 hrs. ImageJ was used to manually highlight the wound area of each
picture and subsequently calculate the area. The average area of the 3 images taken along
the scratch was used for the calculation. The following formula was used in order to
determine the percentage of migration at 24 and 48 hours compared to the initial wound
area taken at 0 hours.
𝑥=

𝐴𝑟𝑒𝑎0 ℎ𝑟𝑠 − (𝐴𝑟𝑒𝑎0 ℎ𝑟𝑠 − 𝐴𝑟𝑒𝑎24/48 ℎ𝑟𝑠 )
∗ 100
𝐴𝑟𝑒𝑎0 ℎ𝑟𝑠
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2.2.7 Cytotoxicity assay
PNT2 and 22Rv1 cells were seeded at 3x103 cells/well while PC3 and DU145 were seeded
at 2x103 cells/well, in a 96-well plate (well diameter: 6.4 mm) in 10% dFBS-containing
RPMI media and allowed to attach overnight. The following day the cells were treated
with PC3RD or DU145RD secretome (and EV-depleted PC3RD or DU145RD, as control) at
a volume corresponding to 25 % and 50 % of the final volume present in the well. At the
same time, an increasing concentration of docetaxel (0-2000 pM) was added to the wells.
For each recipient cell line, a parallel control cytotoxicity assay was performed using only
docetaxel. After 5 days of incubation, an acid phosphatase assay was performed to
measure cell viability as already reported in Section 2.2.5.

2.3 Results

2.3.1 Validation of secretome production protocol
A concentrated secretome was produced using a developed in-house method. To validate
this protocol, PC3RD and DU145RD cells were treated initially with docetaxel (150 nM for
DU145RD and 12 nM for PC3RD as these concentrations are the highest non-toxic
concentrations these cells can grow in) in order to let the cells release vesicles containing
docetaxel as that, cargo once placed in contact with the receiving cell lines, would be able
- when uptaken - to carry docetaxel inside the cells to kill them. Since the Amicon filter
units used to produce the concentrated secretome have a pore size of 10 kDa, all the free
docetaxel present in the media is flushed away during the concentration step and the
toxic effect subsequently observed on receiving cell lines should be only due to the
docetaxel encapsulated in the released EVs.
As expected, cell death was observed in all cell lines and the viability of cells was
proportional to the incubation time (Figure 2.3). Higher cell death was associated with
DU145DR-derived secretome, this was expected as DU145RD are less sensitive, compared
to PC3RD, to docetaxel. Additionally, as expected, the highest toxic effect was observed
on PC3 Ag and DU145 Ag cells. Being more aggressive and presenting an increased
proliferation and cell growth compared to PNT2 and 22Rv1, they are more subjective to
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docetaxel mechanism of action since it targets cells in the late stages of the cell cycle; so,
the higher the proliferation the higher the toxic effect.
Once the protocol was validated, we started to produce the DU145RD-derived and
PC3RD-derived secretomes and EV-depleted secretomes.
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Figure 2.3: Secretome protocol validation experiment
PNT2, 22Rv1, PC3 Ag and DU145 Ag were treated with PC3RD and DU145RD derived secretome (S) including
vesicles containing docetaxel. The proliferation of the receiving cell lines was monitored for 72 hours. All
graphs represent n=3 biological repeats as mean ±SEM. *P < 0.05, **P < 0.009, ***P < 0.0009 and ****P <
0.0001. Two-way ANOVA was used to compare non-treated control with the different treatments.

2.3.2 Secretome-treated functional assays
Secretomes collected from docetaxel-resistant prostate cancer cell lines (DU145RD and
PC3RD) were investigated to see if they can transfer a more aggressive phenotype to
receiving and less aggressive prostate cell variant. Particularly for this study, 4 receiving
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cell lines were used: PNT2, a normal prostate cell line and 22Rv1, PC3 Ag and DU145 Ag
prostate cancer cell lines going from, respectively, the less aggressive to the most
aggressive. Receiving cell lines were also treated with EV-depleted secretome (dS) to
determine if the heterogeneous EV population or macromolecules secreted by the
resistant cells were responsible for the effects seen. The effect of docetaxel resistantderived secretomes on the migration, proliferation and cytotoxicity of the receiving cell
line were investigated.

2.3.2.1 Migration Assay
For the migration assay, the relative increase in cell migration was evaluated and observed
using a phase-contrast microscope (Figure 2.4).
While statistical significance was not achieved, the data indicated an increase and
comparable migration observed when receiving cell lines were treated with both
secretomes derived respectively from PC3RD cells (Figure 2.5 and Figure 2.6, A-D) and
DU145RD cells (Figure 2.5 and 2.6, E-H).
After 24 hours of incubation (Figure 2.5) an increase in migration for 22Rv1, PC3 Ag and
DU145 Ag using both DU145RD- and PC3RD-derived secretome was observed.
Particularly, for PC3 Ag, EV-containing secretome had a higher impact on cell migration
compared to EV-depleted secretome with an almost 40 % increased migration observed
on PC3 Ag using 50 % DU145RD-derived secretome (Figure 2.5 F, p = 0.028). This effect
was significantly less when EV-depleted secretome was used suggesting the involvement
of EVs and, possibly, soluble protein co-precipitate during the ultracentrifugation step (S,
50 % vs dS, 50 %, p = 0.049). A similar effect, although not significant, was observed using
PC3RD-derived secretomes (Figure 2.5 C). Interestingly, contrary results were obtained
after 24 hours on PNT2 cells. All PC3RD-derived secretomes, independently from the
concentration used, and the absence/presence of EVs, reduced, PNT2 migration (Figure
2.5 A, Control vs dS, 25 %, p = 0.047).
After 48 hours of incubation (Figure 2.6), the effects on PNT2 were similar to that
observed after 24 hours of incubation. All secretomes either did not affect or slightly
reduced PNT2 migration (Figure 2.6 A and E). When PC3RD-derived secretomes were
used, EV-depleted secretome significantly decreased PNT2 migration compared to EV- 53 -

depleted secretome (S, 50 % vs dS, 50 %, p = 0.0293 and S, 25 % vs dS, 25 %). Similar
effects were observed when DU145RD-derived secretomes were used. On DU145 Ag we
observed both a dose-dependent response and an EV-derived secretome effect. In fact,
when both DU145RD and PC3RD-derived EV-containing secretomes were used (Figure 2.6
D and H), we observed an overall 20 % increase in migration compared to control (Control
vs S, 50 %). For DU145RD-derived secretome, this effect was significantly reduced when
50 % EV-depleted secretome (S, 50 % vs dS, 50 %, p = 0.0283) and 25 % EV-containing
secretome (S, 50 % vs S, 25 %, p = 0.0308) were used, suggesting both dose- and EVdependent effects.
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Figure 2.4: Representation of migration assay
Representative wound-healing images of DU145 Ag cell line following 0-, 24- and 48-hours treatment with
25% and 50% EV- containing (S) and EV-depleted secretome (dS) derived from DU145RD cells. Images were
taken at a 10X magnification. Scale bar 100 µm.
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Figure 2.5: Effect of secretomes on the migration of receiving cell lines
PNT2, 22Rv1, PC3 Ag and DU145 Ag cells were treated with PC3RD (A-D) and DU145RD (F-H) derived
secretome (S) or EV-depleted secretome (dS) and migration was monitored for 24 hours. Graphs represent
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n=3 biological repeats as mean ± SEM. Student’s t-test was used to compare different treatments to the
control: *P<0.01, **P<0.009.
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Figure 2.6: Effect of secretomes on the migration of receiving cell lines
PNT2, 22Rv1, PC3 Ag and DU145 Ag cells were treated with PC3RD (A-D) and DU145RD (E-H) derived
secretome (S) or EV-depleted secretome (dS) and migration was monitored for 48 hours. Graphs represent
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n=3 biological repeats as mean ± SEM. Student’s t-test was used to compare different treatments to the
control : *P<0.01.

2.3.2.2 Proliferation Assay
DU145RD- and PC3RD-derived secretomes affected receiving cell lines growth. Increased
proliferation was statistically different following 72 hours incubation, although the
proliferative extent was variable among the different cell lines.
Regarding PNT2 cells, although all secretomes used promoted overall cell growth, the
highest effect on proliferation was observed when 50 % secretome, both PC3RD- (Figure
2.7 A) and DU145RD- derived (Figure 2.7 E) were used, with a significant increase of 30 %
in proliferation reported (respectively, p = 0.0028 for PC3RD-derived and p = 0.0099 for
DU145RD-derived).
Similar results were obtained on 22Rv1. All secretomes proved to be effective in
promoting cell proliferation, however, a vesicles-dependent effect was observed when
both DU145RD- and PC3RD-derived secretomes were used. Particularly, when DU145RDderived secretome was evaluated, a 50% increase in cellular growth (p = 0.0024) was
associated with 25 % and an 80 % increase in cellular growth (p < 0.0001) was associated
with 50 % of the secretome (Figure 2.7 F). In this particular case, a dose-dependent effect
was observed (S, 50% vs S, 25%, p = 0.026). At both concentrations, EV-depleted
secretome performances were lower compared to the EV-containing secretome. Similar
effects were observed using PC3RD-derived secretomes with a 30 % increase in
proliferation (p = 0.049) associated with 50 % secretome and a slight reduction in
proliferation when EV-depleted secretome was used (Figure 2.7 B).
For PC3 Ag and DU145 Ag, a similar trend was observed. Using PC3RD-derived secretome
an overall significant increase in proliferation was observed using both 50 % (p = 0.0019)
and 25 % (p = 0.0086) EV-containing secretome on PC3 Ag cells (Figure 2.7 C) and using 50
% EV-containing secretome (p = 0.0015) on DU145 Ag (Figure 2.7 D).
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Figure 2.7: Effect of secretomes on the proliferation of receiving cell lines
PNT2, 22Rv1, PC3 Ag and DU145 Ag cells were treated with PC3RD (A-D) and DU145RD (E-H) derived
secretome (S) or EV-depleted secretome (dS) and proliferation was monitored for 72 hours. Graphs
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represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different
treatments to the control: *P<0.01, **P<0.009 and ***P<0.0004.

2.3.2.3 Cytotoxicity Assay
Cytotoxicity assay was performed to evaluate the possible transfer of cell resistance
toward Docetaxel and the relative IC50 recovered on receiving cell line are reported in
Figure 2.8.
When PC3RD-derived secretomes (in red) were used, we observed both dose-dependent
effect and EV-dependent transfer of docetaxel resistance.
Although all secretomes, to a variable extent, seem to transfer protection towards
docetaxel, on PNT2 we could observe a significant improvement of docetaxel IC50s when
50 % whole secretome and 50 % EV-depleted secretome were used (Control vs S, 50 %, p
= 0.0039 and Control vs dS, 50 %, p = 0.02). When the whole secretome was used, we
observed an almost doubled IC50 compared to the control, this effect was higher
compared to the effect obtained with all the other treatments. Additionally, although not
significant, a decrease in IC50 was observed when comparing the effect of EV-containing
secretome and the EV-depleted secretome, so overall these results suggest both dosedependent and vesicles-dependent transfer of docetaxel resistance.
The same effects were observed on PNT2 and 22Rv1. Particularly, a 40 % increase in IC50
was observed when 50 % of the whole secretome was used (Control vs S, 50 %, p = 0.0016)
and a 15 % increase in IC50 when 25 % of the whole secretome was used, suggesting a
dose-dependent response (S, 50 % vs S, 25 %, p = 0.04). This effect was extensively
reduced when EV-depleted secretome was used (S, 50 % vs dS, 50 %, p = 0.0072 and S, 25
% vs dS, 25 % p = 0.047) confirming EVs involvement.
On PC3 Ag, although results were not significant, we could observe the same trend as
previously observed on PNT2 and 22Rv1. The use of PC3RD-derived secretomes promoted
the recovery of increased IC50s and although the standard deviation was quite high,
indicating high variability in the response, a dose-dependent and EVs-dependent response
can still be identified.
A completely different cellular activity was observed on DU145 Ag. In fact, the secretomes
did not affect the IC50s recovered (Control vs S, 50 % and Control vs dS, 50 %) and a nonsignificant, IC50s reduction (Control vs S, 25 % and Control vs dS, 25 %) was observed.
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Regarding DU145RD-derived secretomes, on PNT2, we could observe a slight increase in
the IC50s value recovered when 50% secretomes, both EV-containing and EV-depleted,
were used at the lower concentration. Although a non-significant dose-dependent
response was observed, we could not associate any effect with the presence or absence
of EVs.
On 22Rv1 we saw a similar trend already observed with PC3RD-derived secretomes. When
whole secretome was used at 50 %, we observed a 30 % increase in the IC50s, while at 25
% we observed a 25 % increase (Control vs S, 50 %, p = 0.013 and Control vs S, 25 %, p =
0.02). However, we could not see any significant dose dependency. On the other hand,
we could see an EV-dependency. In fact, when EV-depleted secretome was used at 25 %,
we observed a net reduction (p = 0.03) and when it was used at 50 %, we lost significance.
When DU145RD-derived secretomes were used on PC3 Ag, although all of them promoted
the transfer of docetaxel resistance, both EV-containing and EV-depleted secretomes,
used at 50 %, had the highest impact with respectively a 35 % and a 45 % increase in the
IC50s values (Control vs S, 50 %, p = 0.038 and Control vs dS, 50 %, p = 0.0061). Although a
dose-dependent response was observed, statistical significance was not achieved and we
observed that when EVs were removed from secretome, the IC50s recovered was slightly
higher compared to the whole secretomes value (S, 50 % vs dS, 50 % and S, 25 % vs dS, 25
%) suggesting a negative effect associated to EVs presence.
Finally, when DU145RD-secretomes were tested on DU145 Ag, we obtained similar results
to the one obtained using PC3RD-derived secretomes. Particularly, secretomes had no
effect, as shown by EV-depleted secretomes IC50s values recovered at both concentrations
(Control vs dS, 50 % and Control vs dS, 25 %), or it significantly decreased the IC50s value
when EVs were present in the secretome (Control vs S, 50 %, p = 0.02 and Control vs S, 25
% p = 0.0016). These data support a negative effect associated with EVs presence, as
already observed on PC3 Ag.
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Figure 2.8: Effect of secretomes on docetaxel resistance
PNT2, 22Rv1, PC3 Ag and DU145 Ag cells were treated with PC3RD (A-D) and DU145RD (E-H) derived
secretome (S) or EV-depleted secretome (dS) and cell viability was recovered after 5 days of incubation with
increasing concentration of docetaxel. Docetaxel IC50 was recovered for each treatment. Graphs represent
n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the
control and between different concentrations of the same treatment: *P<0,01, **P<0,009.
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2.4 Discussion
EVs are known to be involved in physiological and pathophysiological conditions.
Particularly, their major function is to promote cell-to-cell communication, in short- and
long-distance, propagating cell signals throughout the body. It is now recognised that
cancer cells can spread oncogenic signals to both nearby cancer and normal cells, through
the use of released EVs carrying a plethora of proteins and nucleic acids, that once taken
up by receiving cells promote cancer progression. Some of the main processes activated
in response to these signals are the increase of cellular proliferation, resistance to
chemotherapy and migration, the ability that allows the receiving cells to become more
aggressive and thus survive, invade the extracellular matrix, access the bloodstream and,
finally, metastasise in a secondary body area. Previous work performed by Dr. Claire
Corcoran in our research group demonstrated that exosomes derived from DU145RD and
22Rv1RD cells, although only partially promoted cell proliferation, overall increased
docetaxel-resistance on receiving cells118,134. This data was additionally supported by
exosomes separated from plasma deriving from patients treated with docetaxel.
However, EVs are extremely heterogeneous and, additionally, together with vesicles, cells
can release other soluble factors that, in a paracrine way, can affect the behaviour of the
receiving cells. Thus, our hypothesis was to evaluate if the entire docetaxel-resistant cell
secretome, including both soluble factors and the entire set of released EVs, can transfer
aggressive behaviours. To differentiate between the effect derived from soluble factors
and the effect associated with EVs, EV-depleted secretome was used as a control. Table
2.1 summarise all the significant results obtained with functional assay.
Assay

PC3RD-derived Secretomes

DU145RD-derived Secretomes

Migration 24 hours

PNT2

PNT2

----------

22Rv1

Ctrl vs dS, 25%

Ctrl vs dS, 25%
p = 0.047

22Rv1

----------

p = 0.037
dS, 50% vs dS,
25%
p = 0.009
S, 25% vs dS, 25%
p = 0.023
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PC3 Ag

----------

PC3 Ag

Ctrl vs S, 50%
p = 0.028
S, 50% vs dS, 50 %
p = 0.049

DU145 Ag

Ctrl vs S, 50%

DU145 Ag

p = 0.043

Ctrl vs dS, 25%
p = 0.044

Ctrl vs dS, 25%
p = 0.0303
Migration 48 hours

PNT2

S, 50 % vs dS, 50

PNT2

%

S, 50 % vs S, 25 %
p = 0.015

p = 0.029
22Rv1

----------

22Rv1

----------

PC3 Ag

----------

PC3 Ag

----------

DU145 Ag

----------

DU145 Ag

S, 50 % vs dS, 50%
p = 0.028
S, 50 % vs S, 25 %
p = 0.031

Proliferation

PNT2

22Rv1

Ctrl vs S, 50 %

PNT2

Ctrl vs S, 50 %

p = 0.0028

p = 0.0099

Ctrl vs S, 25 %

Ctrl vs dS, 50 %

p = 0.0313

p = 0.036

Ctrl vs S, 50 %

22Rv1

p = 0.049

Ctrl vs S, 50 %
p < 0.0001
Ctrl vs S, 25 %
p = 0.005
Ctrl vs dS, 50 %
p = 0.0026
S, 50 % vs S, 25 %
p = 0.026

PC3 Ag

Ctrl vs S, 50 %

PC3 Ag

Ctrl vs S, 50 %

p = 0.0019

p = 0.0071

Ctrl vs S, 25 %

Ctrl vs dS, 50 %

p = 0.0086

p = 0.0019
Ctrl vs dS, 25 %
p = 0.04

DU145 Ag

Ctrl vs S, 50 %
p = 0.0015
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DU145 Ag

----------

S, 50 % vs dS, 50
%
p = 0.0072
Cytotoxicity

PNT2

Ctrl vs S, 50 %

PNT2

----------

22Rv1

Ctrl vs S, 50 %

p = 0.0039
Ctrl vs dS, 50%
p = 0.02
22Rv1

Ctrl vs s, 50 %
p = 0.0016

p = 0.013

S, 50 % vs dS, 50
%
p = 0.0072
S, 50 % vs S, 25 %

Ctrl vs S, 25 %

p = 0.04

p = 0.02

S, 25 % vs dS, 25
%
p = 0.047
PC3 Ag

----------

PC3 Ag

Ctrl vs S, 50 %
p = 0.038
Ctrl vs dS, 50 %
p = 0.0061

DU145 Ag

----------

DU145 Ag

Ctrl vs S, 50 %
p = 0.02
Ctrl vs S, 25 %
p = 0.0016

Table 2.1: Summary of significant results
List of all the significant results obtained during function assays on PNT2, 22Rv1, PC3 Ag and DU145 Ag using
both PC3RD- and DU145RD-derived secretomes. ---------- used to indicate not significant results.

Our first investigation involved analysing the effect of DU145RD and PC3RD derived
secretomes on PNT2, 22Rv1, DU145 Ag and PC3 Ag migration. These receiving cell lines
were chosen to include a complete panel of cells, ranging from the less aggressive cell
lines (PNT2, being normal prostate cells) to the more aggressive cell lines, DU145 Ag and
PC3 Ag.
Several reports in the literature show how CM can promote cell migration and wound
healing in prostate cancer. For example, Yu et al. 348 demonstrated that CM derived from
cabozantinib-treated osteoblasts can promote cellular migration on C4-2B4 and PC3
- 65 -

cancer cells. So, we hypothesized that docetaxel-resistant cells derived secretome could
transfer signals promoting cell migrations. Although statistical significance was not
achieved, data support the ability of both secretomes to improve cell migration with the
involvement of EVs demonstrated by an overall lower migration observed when EVdepleted secretome was used. In fact, observation post-24 hours migration (Figure 2.6)
on PC3Ag indicated a 40 % increase in migration when DU145RD-derived whole
secretome was used (Control vs S, 50 %, p = 0.028), this effect was significantly reduced
when secretome was depleted of EVs (S, 50 % vs dS, 50 %, p = 0.049). Similar results were
obtained using PC3RD-derived secretomes after prolongation of the incubation time to 48
hours. In fact, although the dose-dependent effect was lost, an EV-dependent effect (S,
50 % vs dS, 50 % and S, 25 % and dS, 25 %) was still observed. These results are supported
by the outcomes obtained by DU145 Ag cells treatment. Although after 24 hours
incubation, no clear effect was observed, with EV-depleted secretomes generally
performing better than EV-containing media, post 48 hours of incubation, both dosedependent and EV-dependent effects were observed, with a trend very similar to the one
seen with PC3 Ag. On DU145 Ag, overall, we could observe a 20 % increase in migration
compared to control, i.e when DU145RD whole secretome was used at 50 % and this
effect was significantly reduced following lowering down the secretome concentration (S,
50 % vs S, 25 %, p = 0.03) or removing EVs from the secretome (S, 50 % vs dS, 50 %, p =
0.028). This same effect was observed, at a lower extent, using PC3RD-derived secretome.
All results obtained from PC3 Ag and DU145 Ag cells support the involvement of EV in
transmitting aggressive behaviours, specifically the ability to migrate and invade
neighbouring tissue, in a paracrine fashion. This is in agreement with our previously
published results118,134; however, it highlights the importance of having a 360° view. In
fact, all data support that although vesicles play a role in the transfer of an increased
migratory phenotype to already aggressive cells, soluble factors might play a role as well,
strengthening the need of focusing on the tumour microenvironment to better
understand cancer biology.
Concerning PNT2 and 22Rv1 migration results, the trend is overall opposite from the trend
observed using DU145 Ag and PC3 Ag. On PNT2, all secretomes demonstrate to have
either no effect on cell migration or slightly reduce it. We did not observe any dosedependent effect and only a marginal EV-dependency effect was observed after 48 hours
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of incubation in which EV-depleted secretome further reduced PNT2 migration compared
to EV-depleted secretome. On the other hand, on 22Rv1, although all secretomes
improved cellular migrations, we observed increased migration when EV-depleted
secretome was used and this effect was independent of the origin of the secretome and
the concentration of the secretome.
The observed results from PNT2 and 22Rv1 were unexpected and interesting, hence we
performed an in-depth investigation. One possible explanation for these results could be
associated with cell growth. In fact, for wound-healing assay, it is essential to suppress
cellular proliferation to induce cells to migrate looking for sustenance. For this reason, in
vitro experiments are performed using 1 % FBS instead of 10 % FBS. Secretomes, both EVdepleted or not, are extremely rich in protein and constituents that promote not only
cellular migration but also cellular proliferation, encouraging cell growth that can
influence the wound-healing output. This may partially explain why no difference was
observed between the migration recovered using 50 % and 25 % secretomes, which was
observed in all other cell lines, at all-time points. Additionally, this could also explain the
difference in the secretome effect observed on PNT2 and 22Rv1 cells. In fact, on both PC3
Ag and DU145 Ag cells, both secretome increased cell migration, while on PNT2 and 22RV1
cells, no clear trend was observed. Considering that PNT2 and 22Rv1 cells have a lower
speed of proliferation, and most importantly they have a very low tendency to migrate as
they are normal cell line (PNT2) and less aggressive prostate cancer cell line (22Rv1)
compared to DU145 Ag and PC3 Ag, this can result in assay bias. Moreover, this can lead
to a higher cell proliferation in DU145 Ag and PC3 Ag that is not really appreciable since
they are aggressive cell line, thus they have an increased tendency to migrate and
proliferate per se, so results tend to suffer less on the bias, while it can be detrimental for
slow growing/migrating cells like PNT2 and 22Rv1 in which cells start more than one
cellular process that overlapping, could mask any slight difference observable.
Following migration, we next evaluated the secretomes ability to decrease or increase
cellular proliferation on receiving cell lines. Total secretomes of both PC3RD and DU145RD
proved to be effective in increasing their proliferation. On PNT2 we could see a 30 %
increased proliferation when total secretome was used at high concentration (p = 0.028
for PC3RD-derived secretome and p = 0.0099 for DU145RD-derived secretome). Although
there was no real dose-dependent response, we could observe an EV-dependent effect,
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with EV-depleted secretome performance being overall lowest. A similar observation was
made on 22Rv1, however, the highest effect was associated with DU145RD-derived
secretome. With this secretome in fact, we could observe a 50 % and 80 % increase in
proliferation when the secretome was used respectively at 25 % and 50 % concentration
on 22Rv1 cells. When PC3RD-derived secretomes were used, we could observe only a 30
% increase in migration using the highest concentration (p = 0.049) however no dose
effect was seen. In both cases, we could observe EV-dependent effects with EV-depleted
secretome promoting proliferation to a lower extent.
This trend in increased proliferation by transfer of CM is already reported in the literature.
Han et al.

349

demonstrated the transfer of aggressive behaviours on PC3, DU145 and

LNCap cells following treated with RWPE-1 cells stimulated with Trochomonas vaginalisderived CM. The authors report a significantly higher proliferation compared to control
when the cells were treated with CM. Furthermore, Yu et al.350 reported that CM derived
from asbestos-exposed fibroblasts promoted proliferation of NCk-H358, Calu-3 and A549
lung cancer cells and this effect could not be observed when asbestos-exposed lung cells
CM was used, supporting our findings using the two PC3RD- and DU145RD- derived
secretomes.
The substantial effects obtained on proliferation with PNT2 and 22Rv1 were not observed
when the same CM was used on PC3 Ag and DU145 Ag cells suggesting that the same
factors, interacting with different cells, can exert opposite results. In fact, although we
could see a dose-dependent increase in proliferation on PC3 Ag using PC3RD-derived
whole secretome at 50 % (p = 0.0019) and 25 % (p = 0.0086), we observed a significant
effect using 50 % on DU154 Ag (p = 0.0015) with 25 % giving similar results to 50 %
secretome. Additionally, although we could see an EV-dependent effect, especially on
DU145 Ag (S, 50 % vs dS, 50 %, p < 0.009) neither dose-dependent nor EV-dependent
responses were observed when DU145RD-derived secretomes were used.
PC3 Ag and DU145 Ag cells have already a higher proliferation rate compared to PNT2 and
22Rv1 cells as they are already highly aggressive, and this can explain why the rate of
proliferation is less affected compared to PNT2 and 22Rv1. A similar effect with a possible
explanation is reported by Chen et al.351. Examining MSCs conditioned medium on
macrophages, the authors underlined that the same secretomes can have a varied effect
on different macrophages subsets. For example, the authors reported that MSC-CM
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protected M0 macrophages from apoptosis, while induced apoptosis on M1
macrophages. This is in accordance with our data where the proliferation of more
aggressive cell lines, such as PC3 Ag and DU145 Ag, tends to be less affected by the
secretome.
Additionally, it must be taken into consideration that PC3RD and DU145RD have different
resistance toward docetaxel, with PC3RD growing with 12 nM docetaxel, while DU145RD
growing with 150 nM docetaxel. This reflects on the cellular mechanisms and can partially
explain why DU145RD secretome seems to be more effective than PC3RD secretome on
receiving cell lines, taking into account both migration and proliferation results.
Finally, secretomes effect on transfer of docetaxel-resistance was evaluated on receiving
cell lines. The transfer of chemotherapeutic resistance via the secretome is well reported
in the literature on a variety of different cell lines including hepatocellular carcinoma cells
when treated with MSC-CM352, prostate cancer cells when treated with CAFs-CM353 or
breast cancer when treated with Peri-foci adipose-derived stem cells CM354.
As already demonstrated by our group using exosomes118,134, both secretomes promoted
the transfer of docetaxel resistance, however, this docetaxel resistance transfer was
observed even when EVs were depleted from the media. This result supports our
hypothesis in which we wanted to demonstrate that all the secreted factors and vesicles,
not just vesicles, may contribute to the transfer of aggressive behaviours in the cancer
environment. Furthermore, a possible explanation could be the increase in the amount of
protein inside the CM. For example, albumin has been investigated in the last few years
as a drug delivery system to allow a long-lasting release of hydrophobic drugs355. In fact,
albumin contains hydrophobic pockets that can allocate drugs, including docetaxel. Thus,
the increase in the IC50 recovered by the cells can also be connected to the interaction of
docetaxel with the hydrophobic pockets of albumin, or other proteins present in the CM,
which may lead to a decrease in the amount of docetaxel available to the cells.
With an in-depth analysis, we could observe that, in proliferation assay, the most evident
effect was observed on PNT2 and 22Rv1, supporting again our hypothesis that the less
aggressive cells, the more will be the effect of the secretome on the cells. Specifically, we
recovered an increased PNT2 IC50s with both secretomes, although using DU145RDderived secretome, we could observe neither EV-dependent nor dose-dependent effects.
However, using PC3RD-derived secretome we could recover an increased IC50s with a
- 69 -

trend indicating to dose- and EVs-relationship. Similar effects were observed on 22Rv1.
Particularly, we obtained respectively a 40 % and 15 % increased IC50 when 50 % and 25%
PC3RD-derived whole secretome was used (respectively p = 0.0016 and p = 0.04). A similar
pattern was observed using DU145RD-derived secretome with respectively a 30 % and a
25 % increased IC50 when 50 % and 25 % whole secretome were used (respectively p =
0.013 and p = 0.02).
Of note, the secretomes proved to increase the sensitivity toward docetaxel on DU145 Ag
when both secretomes were evaluated. Secretomes are made by a variety of factors and
vesicles released by the cells and not necessarily all these factors have a positive effect on
the receiving cell lines. In fact, it is already reported in the literature by Castells et al.356 or
Yan et al.357 that some CMs can decrease sensitivity to chemotherapy on the receiving cell
lines. This double effect observed by our secretomes reflects on the multifactorial nature
of the cancer environment and how the combination of different factors can affect the
final response of the different cell lines. Finally, this response will always be dependent
on the balance of all the promoting and inhibitory signals activated by that particular cell
line.

2.5 Conclusion
EVs are known to be involved in cancer development and progression, however, the
cancer microenvironment presents several subsets of macro and micro molecules that,
via a paracrine mechanism, can impact nearby tissue and cells, leading ultimately to
cancer development and progression in an EV-independent fashion. However, EVs, since
they are born to be the carrier, are extremely interesting to study, sometimes, focusing
exclusively on them, we risk losing the bigger picture and the importance of single
molecules that can still be functional and thus represent possible targets. In this chapter,
we aimed not only to understand up to what extent EVs are involved in the transfer of
aggressive behaviours but also investigated the rest of the secretome. As shown,
although EVs had an impact on docetaxel resistance transfer, cellular proliferation and
cellular migration, even when EVs were depleted from the media the resulting
secretomes were still able to impact the cellular functionality and impart a certain level
of protection from docetaxel on the receiving cell lines. Our results demonstrate the
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importance of the tumour microenvironment independent from EVs presence or
absence and that studying the whole secretome before focusing our attention on EVs
would be advantageous and help to evaluate the definite functional impact of EVs in a
complex environment.
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CHAPTER THREE: Optimisation
of an EVs separation protocol
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3.0 Abstract
Since the discovery of EVs, tremendous scientific advancement has been made that shed
light on their biogenesis, functionality and potential application as therapeutic and
biofluid markers of EVs. However, it was also accompanied by the inconsistencies
between the separation methodologies, the nomenclature and the lack of
standardisation.
Although differential ultracentrifugation is considered as the “gold standard” of isolation
method, its resulting in lack of purity and low recovery rate makes it unsuitable for many
studies in which the recovery of a broad and pure EV sample is essential. For these
reasons, in the last few years, new approaches and isolation methods are being explored
to overcome the drawbacks related to the use of differential ultracentrifugation. These
methods

include

gradient

ultracentrifugation,

filtration

and

size

exclusion

chromatography. These methods have improved the separation process compared to
differential ultracentrifugation - in terms of scalability and time optimisation, in case of
filtration and size exclusion chromatography; or prevention of EVs aggregation, in case of
gradient ultracentrifugation. Additionally, the combination of more than one method
further increases the benefits derived from the use of these emerging techniques.
In this thesis, the main goal was to understand if EVs’ release could be pharmacologically
inhibited and, therefore, it was imperative to develop and/or optimise a separation
protocol that allowed us to recover as many pure EVs as we could to accurately assess the
inhibition efficiency. For this reason, the goal of this study was to optimise an isolation
protocol characterised by high purity and high recovery rate.
We first investigated if by using gradient ultracentrifugation we could separate small and
medium EVs, then we wanted to focus our attention on the evaluation of the best
purification method to remove Optiprep and contaminant proteins from the separated
EVs while concentrating the final sample. Thus, we developed an optimised EVs isolation
protocol with the aim to recover EVs samples characterised by high yield and high purity.
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3.1 Introduction
Extracellular vesicles (EVs) were first discovered in 1983 and, since then, many disparate
EVs separation methods have been reported358,359. Unfortunately, inconsistency between
methodologies, nomenclature and lack of standardised data accounts for a huge
limitation in this field. Although the Minimal Information of Studies on of Extracellular
Vesicles (MISEV) guidelines tried to establish a set of requirements to be fulfilled to
confirm EVs, there are still several inconsistencies between isolation methods360.
Differential ultracentrifugation (dUC) is still considered by many as a “gold-standard”
method, despite its limitations. Although a powerful technique, it is fundamental to point
out that dUC isolates lack purity, have a quite low recovery rate, require a high initial
sample volume especially when the initial sample is cells’ conditioned media, is
laborious/time-consuming and results can be operator-dependent. Additionally, dUC
pelleted EVs are reported to have reduced integrity as the force applied to precipitate the
vesicles can damage them, promote their aggregation, and promote their coalition with
contaminant proteins151,152,154,189,361,362.
For these reasons, while dUC is still one of the most commonly used methodologies for
EVs recovery, many different approaches have been developed. Particularly, a
comparison between two surveys on the separation methods used worldwide, done
respectively in 2015 and 2019, shows how dUC is gradually being replaced by other
methodologies such as SEC and gradient ultracentrifugation, with their usage almost
doubling in the past 4 years363.
Gradient UC overcomes certain dUC drawbacks such as the co-precipitation of protein
aggregates and the aggregation of EVs. However, the media in which vesicles are floated
as part of gradient UC is important. Although sucrose is widely used, it can affect the
uptake and thus the functionality of the EVs recovered. More recently, Optiprep has
become the most commonly used buoyant medium, especially due to its better resolution
capacity than sucrose161,364,365. However, EVs purity is only partially achieved, as Optiprep
is an inert molecule and needs to be removed from the recovered vesicles. One of the
most commonly used purification methodologies is size exclusion chromatography (SEC),
especially for protein and nanoparticle and lately has been largely exploited in the EV field.
SEC is either used alone or in combination with other techniques including dUC and
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gradient UC. The advantages of using SEC are substantial, including improved scalability;
short procedure times; reproducibility from researcher to researcher as there are fewer
subjective steps compared to UC methods. However, the resolution of this methodology
is still quite inappropriate. In fact, large protein aggregates can still co-fractionate with
EVs; the loading volume is quite low, so samples need to be concentrated before the SEC
step; and some subset of EVs can potentially be lost if the matrix of the column is not
appropriately selected165,366–368.
In this chapter, we investigated the use of density gradient to separate small and medium
vesicles. In order to remove the Optiprep, gradient fractions were pooled and purified
with SEC columns. Finally, different combinations of gradient, UC washing steps, and SEC
were evaluated to establish a new EVs separation protocol characterised by both good
purity and good EVs recovery rate.

3.1.1 Aim
This study aimed to optimise an EVs separation protocol characterised by high sample
purity and high recovery rate from cells’ conditioned media.

- 75 -

3.2 Materials and methods

3.2.1 Cell culture
DU145RD and PC3RD cell lines were grown in RPMI medium (Sigma-Aldrich, Cat. # R0883)
containing 10 % foetal bovine serum (FBS) (Gibco, Cat. #: 10270106) and 2 mM LGlutamine (Sigma-Aldrich, Cat. #: 10516) at 37 °C, 5 % CO2. dFBS was produced as per
Section 2.2.2.
Mycoplasma testing was routinely performed by reverse-transcriptase polymerase chain
reaction (RT-PCR) (ATCC; cat #30-1012K) every three months.

3.2.2 Conditioned media collection
PC3RD and DU145RD were seeded at 4 x 106 cells/T175 flask in RPMI (Sigma-Aldrich, Cat.
# R0883) media supplemented with 10% FBS (Gibco, Cat. # 10270106), 20 mM LGlutamine (Sigma-Aldrich, Cat. # 10516). The following day, the medium was replaced
with RPMI media supplemented with 10% dFBS (Gibco, Cat. # 10270106) produced as
reported in Section 2.2, 20 mM L-Glutamine (Sigma-Aldrich, Cat. # 10516) and 1 %
penicillin/streptomycin (Sigma-Aldrich, Cat. # P4458) and cultured for another 48 hrs. The
addition of penicillin/streptomycin is strictly connected to the use of dFBS and was not
used for routine cell culture. After the incubation time, cells’ conditioned media (CM) was
collected and centrifuged at 300 g for 10 minutes at 4 °C thrice as a pre-clearing step.
For EV blocking experiments, inhibitors that have been associated with blocking EVs
release were used. When the medium was replaced with dFBS-containing RPMI medium,
EV release drug inhibitors were added at the following final concentrations: 15 µM
Calpeptin, 5 µM Y27632, 750 nM Manumycin A and 20 µM GW4869. Combo 1 represent
the combination of 15 µM Calpeptin and 5 µM Y27632. These concentrations were
selected following toxicity assay. Conditioned medium was collected from each flask and
the starting cell number was counted.
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3.2.3 EVs isolation
The CM was manually concentrated, using tangential flow filtration (TFF) system
(HansaBioMed, Cat. # HBM-TFF/1), down to 2 mL. EVs were isolated from this
concentrated CM using a discontinuous Optiprep density gradient (Sigma-Aldrich, Cat. #
D1556-250ML). In brief, the concentrated CM was used to dilute 60 % Optiprep to obtain
a 40 % gradient fraction including the CM. This fraction was transferred to an open-top,
thin-wall, Ultra-Clear 17 mL tube (Backman Coulter, Cat. # 344061) and 4 additional
gradient fractions (30, 20, 10 and 5 %) were layered on top of the first fraction, drop by
drop to not disturb the underneath fraction. These additional gradients were made by
diluting 60 % Optiprep with sterile PBS to achieve the required concentrations. The
gradient was centrifuged at 186,700 g for 18.5 hours. After the centrifugation, the
supernatant was carefully pipetted out in 1 mL fractions from the top; a total of 17
fractions collected (with fraction 1 being from the top of the gradient and fraction 17
being at the bottom of the gradient) were further analysed and processed.

3.2.4 Gradient fractions analysis

3.2.4.1

Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) was performed using the NTA NS300 system
(NanoSight, Nanosight, Amesbury, UK). EV size distribution and concentration can be
determined using NTA system which measures nanoparticles from 20 nm to 1000 nm. The
NTA system involves light scattering and Brownian motion to detect particles in a solution,
using a laser beam. When a nanoparticle floats in the field of the laser beam, the beam is
scattered and visualised at 20X magnification. Brownian motion of the particles are
captured at a speed of 30 frames/sec. Filtered PBS (0.45 μm filter, Pall Corporation, Cat.
#: 4654) was used as a negative buffer control for the 17 fractions. Gradient’s fractions
were directly loaded onto the NTA using a NanoSight syringe pump and five 60 seconds
videos were taken. The size and quantities of the particles were determined using the NTA
software (NTA 3.1.5.4 software).
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3.2.4.2

Protein Quantification

The protein content of the 18 fractions collected was quantified using the Bio-Rad protein
assay dye reagent (Bio-Rad, Cat. #: 500-0006). Bovine serum albumin (BSA) standards of
800-12.5 µg/ml were prepared in PBS and used as standards to calculate the protein
content of the samples. 10 µl of standards and of each sample was added to a 96-well
plate in duplicate. Bio-Rad Dye reagent was diluted 1:5 in dH2O and 200 µl added to each
standard and sample. Absorbance was read at 570 nm using a FluoStar Optima microplate
reader (Serial #: 08-100-241) and protein levels were calculated from the BSA standard
curve.

3.2.4.3

Refractive index analysis

Gradient fractions were analysed for density using a portable refractometer (Pal-Ri
Refractometer ATAGO, #: 3850). A refractometer uses a prism to measure the dissolved
solid content or refractive index (nD) in a solution. As the Optiprep fractions were diluted
in PBS, filtered (0.22 µm) PBS was used to calibrate/blank the refractometer. Once
calibrated, 500 µL of each fraction were layered on the refractometer sensor and
analysed. Between samples readings, the sensor was washed once with filtered PBS and
dried before proceeding with other fraction analysis.
To calculate the density of every fraction using the refractive index (RI) read on the
refractometer, the following formula was used: Density = (3.3411* RI) – 3.4584.

3.2.5 Acetone precipitation for protein concentration
For

protein

concentration,

acetone

precipitation

was

performed

following

ThermoScientific protocol (TECH TIP #49). Specifically, 500 µL of gradient or SEC fractions
were added to 2 mL of cold acetone, previously refrigerated at -20 °C. The mix was
vortexed and incubated at -20 °C for 60 minutes. After this incubation time, the samples
were centrifuged at 13,000 g for 10 minutes. The supernatant was gently decanted and
the remaining acetone was allowed to evaporate at room temperature under a fume hood
for 30 minutes. Pellets were directly resuspended in lysis buffer (Invitrogen, Cat. #:
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FNN0011) containing 1X proteinase inhibitor (Roche, Cat. #: 05892970001) and subjected
to lysis as reported in Section 3.2.9.

3.2.6 Collection of whole-cell protein lysate
PC3RD and DU145RD cells were seeded at 4 x 106 cells /T175 flask. The following day, the
medium was changed to 10 % dFBS-containing RPMI medium as in Section 3.2.3. After 2
days of incubation, the medium was removed from the flask and the cells were washed
twice with 1 ml of ice-cold PBS. 1ml of PBS was added to the flask and the cells were
scraped using a sterile cell scraper (Fisher Scientific, Cat. # 08-100-241). Cells were
centrifuged at 10,000 g at 4 °C for 5 mins. The supernatant was removed and the pellet
was resuspended in 50 µl of cell lysis buffer (Invitrogen, Cat. #: FNN0011) and 1X
proteinase inhibitor (Roche, Cat. #: 05892970001). The cell lysate was incubated on ice
for 30 mins, vortexed every 10 minutes for 10 seconds. After 30 minutes, the sample was
centrifuged at 16,100 g at 4 °C for 10 minutes. The supernatant was transferred to a new
tube and stored at -20 °C until required.

3.2.7 Collection of EV lysate
Acetone precipitated pellets were directly resuspended into 100-1000 µL of lysis buffer
(Invitrogen, Cat. #: FNN0011) containing 1X proteinase inhibitor (Roche, Cat. #:
05892970001). Specifically, pellet deriving from fractions 1 to 3 were resuspended into
100 µL of lysis buffer, pellet deriving from fractions 4 to 8 in 500 µL of lysis buffer and
pellet deriving from fractions 9 to 12 were resuspended in 1000 µL of lysis buffer. The
volume of lysis buffer added was adjusted according to the approximate size of the
acetone precipitation pellets. The pelleted EVs were resuspended in 0.2 µm filtered PBS.
50 µL of PBS containing EVs were added to 50 µL of lysis buffer (Invitrogen, Cat. #:
FNN0011) containing 1X proteinase inhibitor (Roche, Cat. #: 05892970001). EVs or
fraction solution was incubated on ice for 30 mins, vortexing every 10 minutes for 10
seconds. After 30 minutes, the sample was centrifuged at 16,100 g at 4 °C for 10 minutes.
The supernatant was transferred to a new tube and stored at -20 °C until required.
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3.2.8 Immunoblotting
Total protein (15 µg of cellular or EV protein) was resolved on pre-cast 10 % bis-acrylamide
gels for protein SDS-PAGE electrophoresis, along with a molecular weight marker called
SeeBlue Plus2 Pre-stained standard (Invitrogen; Cat. #: LC5925). For screening of gradient
and SEC fractions, gels were poured in-house using the TGX™ FastCast™ Acrylamide
Starter Kit (Bio-rad Cat. #: 1610174). Separated proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (BioRad, Cat. #: 162-0177) using turbo transfer
at 20V for 7 minutes. Following the transfer, blots were incubated in a blocking buffer
made up of 5% BSA (Sigma-Aldrich, Cat. #: A9413) in PBS, at room temperature for 1 hr.
Blots were then washed in PBS containing 0.01 % Tween 20 (PBST) for 5 min (x 3 times).
Primary antibodies were prepared in 3% BSA in PBST in a 1 in 1000 dilution. Membranes
were incubated in primary antibodies overnight at 4°C, under constant rocking. The
following primary antibody were used: Flotillin-1 (Abcam Cat. # Ab133497), CD63 (Abcam
Cat. # Ab68418), Syntenin-1 (Abcam Cat. # Ab133267), Calnexin (Abcam Cat. # Ab133615),
CD9 (Abcam Cat. # Ab92726) and Actinin-4 (Abcam Cat. # Ab108198). Membranes were
subsequently washed in PBST (x3 times) and incubated in horseradish peroxidaseconjugated secondary antibody (Anti-rabbit, Cell signalling Cat. # 7074S, 1 in 1000 dilution
in 3 % BSA in PBST) for 1 hr at room temperature, under constant rocking. Membranes
were again washed in PBST (x3 times) and proteins were visualised by Super Signal® West
Pico chemiluminescence substrate (Thermo Fisher, Cat. #: 34080) or Super Signal® West
Femto maximum sensitivity substrate (Thermo Fisher, Cat. #: 3409s). Proteins were
detected using a chemidoc exposure system (BioRad Laboratories).

3.3 Results

3.3.1 Fundamental characterisation of the gradient ultracentrifugation fractions
EVs are typically recovered from cells’ conditioned medium through differential
ultracentrifugation. For this study, a new isolation protocol was developed. After CM was
concentrated using a tangential flow filtration system, the concentrated CM was
subjected to an Optiprep density gradient using the bottom-up approach, which was
centrifuged for 18 hours at 186,000 g. After the spin, the gradient was split into 17
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fractions that were screened using an NTA and BCA assay to determine where in the
gradient the different vesicles exist and how pure they are.
With NTA it was possible to identify two sets of EVs (Figure 3.1): the first ranging from
fraction 1 and fraction 4 that we termed as small particles (sVesicles/sEVs) and which had
average dimension lower than 100 nm. The second ranged from fraction 5 and fraction 9
and we termed as medium particles (mVesicles/mEVs) with an average dimension
between 100-200 nm. These two EVs sets were observed for both PC3RD- and DU145RDderived conditioned media isolates with or without the use of EVs inhibitors.
BCA assay was performed on the same fractions to check the purity of the vesicles
recovered. In fact, BCA can identify the protein content of each fraction and might help
with the identification of contaminant protein. Protein aggregates, being more compact,
are present in a higher density compared to EVs, thus, they should isolate in the lower
fractions of the gradient. Considering that EVs protein content is comparatively low
compared to protein aggregates, screening the fraction with BCA can give us information
on where, within the gradient, protein aggregates are located. This can help to inform as
how to exclude those fractions and recover EVs sample with higher purity. As it is evident
from the results, the lower the fraction in the gradient, the higher is the protein
concentration in the fractions. Particularly, from fraction 9 onwards, although we can see
a basal presence of particles - as shown by NTA readings - we can observe a higher
presence of protein, suggesting contamination of those fraction by protein aggregates.
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Figure 3.1: Gradient fractions screening
Screening of gradient ultracentrifugation fractions by NTA and BCA analysis for PC3RD derived gradient (A)
and DU145RD derived gradient (B). Both control and treated cell-derived concentrated CM were used to
evaluate EVs-containing fractions and protein contaminants-containing fractions on both cell lines. PC3RD
were treated with Calpeptin (15 µM) and Combo 1 (15 µM Calpeptin + 5 µM Y27632) while DU145RD were
treated with Calpeptin (15 µM) and GW4869 (20 µM). Graphs represent n=1 of each condition.
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Figure 3.2: Initial EVs separation protocol
The workflow used as the initial EVs separation protocol. Briefly, DU145RD or PC3RD conditioned media
was spun down thrice at 300 g as a pre-clearance step and subsequently concentrated using tangential flow
filtration obtaining, as product, 2 mL of concentrated cell-conditioned media. 60 % Optiprep was diluted to
40 % by mixing it with the retentate which was then loaded as the bottom layer of a discontinuous Optiprep
gradient (40 % layer) constituted by laying on top of the bottom fraction 2.5 mL of 30, 20, 10 and 5 %
Optiprep solutions. The gradient was then spun down at 186,700 g for 18 hours at 4 °C (Backman Coulter
rotor 32.1 Ti). The following day, fractions 1 to 4 and 5 to 9 were pooled and concentrated using 10 kDa
protein concentrators obtaining an EVs-containing final solutions of 1 mL. These solutions were further
loaded separately into ready-made SEC columns and SEC fractions 3 to 8 were collected, pooled, and
concentrated using 2 kDa protein concentrators to obtain a final EVs containing solution of 200 µL that was
stored at -80 °C.

Taking into consideration the NTA data, we decided to isolate and purify the two identified
subsets of EVs, sEVs and mEVs, respectively as shown in Fig. 3.2.

3.3.2 Purification of EVs containing pooled gradient fractions via SEC
In order to remove non-EV related proteins and Optiprep carried over from the gradient,
the two different sets of fractions (sEVs and mEVs) were concentrated using Pearse
protein concentrators with 10 kDa cut off (ThermoFisher, Cat # 88517) and then subjected
to a gravimetric size-exclusion chromatography (SEC) step (Hansa Biomed, Cat # HBM-
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PEV-5). Following the manufacturer’s instructions, the 10 fractions of 1 mL were
recovered and analysed by NTA to determine where the EVs are localised within the
gradient. Figure 3.3 shows the results obtained post-screening of the 10 fractions derived
from loading mEVs-enriched fractions and the 10 fractions derived from loading sEVsenriched fractions. In both cases, we observed a similar pattern with EVs localising
between fraction 4 and fraction 8 on Optiprep gradient and the contaminant protein
falling after the first 10 fractions.
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Figure 3.3: SEC fractions screening
Representative NTA screening of the SEC fractions obtained loading A) DU145RD-derived mEVs and B)
DU145RD-derived sEVs. Graphs show n=1.

3.3.3 Extracellular Vesicles Characterisation
After identification that we could efficiently recover two different vesicles subsets, we
investigated if, using this methodology of gradient ultracentrifugation followed by SEC,
we could observe any difference in release of sEVs and/or mEVs using the EV inhibitors.

3.3.3.1

Nanoparticle tracking analysis (NTA)

The size and concentration of medium vesicles obtained following treatment of the cells
for 48 hours with the proposed EVs inhibitors are presented in Fig. 3.4.
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Figure 3.4: NTA characterisation of mEVs
NTA analysis determined the (A) size (nm) and (B) concentration (number of vesicles released by 1x106 cells)
of the isolated medium vesicles from each treatment on PC3RD cell line. Graphs represent n=3 biological
repeats on PC3RD cells as mean ± SEM. **P < 0.0038. One-way ANOVA was used to compare control with
the different treatment.

The non-treated (labelled as “control”) PC3RD cells release vesicles with a mean
dimension of 141.8 ± 4.3 nm and the size was stable when Y27632, calpeptin, combo
(Y27632 and calpeptin together) and manumycin A were used with a mean dimension of
136 ± 5.6 nm for Y27632, 140.6 ± 7.2 nm for Calpeptin, 138.2 ± 5.4 nm for the Combo and
134.2 ± 10.8 nm for manumycin A. However, treatment with GW4869 leads to vesicle
secretion with a significantly increased mean dimension of 179 ± 17.5 nm (Figure 3.4, A).
NTA analysis also estimated the concentration of vesicles (Figure 3.4, B). PC3RD cells
treated with Y27632 and calpeptin released a higher number of vesicles compared to
control cells, although when these drugs were used in combination there was a significant
decrease in vesicle release (p = 0.0038) with data showing a 97 ± 0.5 % reduction.
Manumycin A alone proved to be effective in inhibiting EVs release with data showing an
85 % ± 20 % reduction (p = 0.0046). Of not, it should be noted the irreproducibility of
results deriving from control and Y27632 treatments derived EVs. No inhibition with
GW4869 was observed, on contrary, a higher number of vesicles were released posttreatment with GW4869; but this increase was not significant. However, the mean
dimension of the vesicles points to a change in the patterns of vesicles released indicating
possibly switching on of an alternative EV production pathway by the cells upon GW4869
treatment.
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3.3.3.2

Immunoblotting

Immunoblotting was used to characterise mVesicles and sVesicles based on the presence
of protein markers that are widely accepted by the EV research community.
mVesicles contained the exosomal markers syntenin-1 and CD63 proving that these
vesicles derive from the MVB pathway. In both cases (Figure 3.5 and Figure 3.6) we
observed a variable expression of the markers correlating to the treatment used but,
unfortunately, we observed a high variability between the biological replicates as shown
in Figure 3.6.

Figure 3.5: PC3RD-derived mVesicles immunoblotting.
2 protein markers were evaluated: syntenin-1 representative of the intravesicular markers and CD63
representative of the surface markers. n = 1 is shown.

Figure 3.6: DU145RD-derived mVesicles immunoblotting
3 protein markers were evaluated: flotillin-1 and syntenin-1 representative of the intravesicular markers
and CD63 representative of the surface markers. n = 2 is shown.
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sVesicles were analysed using immunoblotting for CD63, flotillin-1 and syntenin-1 and
although BCA analysis showed the presence of proteins, no protein bands were observed
in sVesicles lysate. This was performed 3 times and the last trial is shown in Figure 3.7.

Figure 3.7: sVesicles immunoblotting
Representative immunoblot of sVesicles. Both PC3RD and DU145RD-derived sVesicles were tested with
CD63, flotillin-1 and syntenin-1 but the only band revealed was from the whole cell lysate (WCL). n = 1 is
shown.

We also evaluated the presence of both actinin-4 and syntenin-1 on DU145DR- and
PC3DR-derived sVesicles, but in both cases, we did not obtain any signal on the membrane
with the only signal visible deriving from the whole cell lysate (WCL).

3.3.4 Protocol validation
Hence, we decided to take a step back, and restart with the protocol validation from the
gradient fractions. Particularly, three biological replicates of concentrated conditioned
media were recovered from DU145RD and PC3RD, the vesicles were let to float with a
discontinuous bottom-up Optiprep density gradient (3 different gradients performed on
three different days) and the following days, the resultant continuous gradient was split
into 17 fractions and their densities analysed. Table 3.1 shows the densities obtained from
the three different biological replicates of both conditioned media.
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PC3RD

Density

Gradient

Standard

DU145RD

Deviation

Gradient

Fractions

Density

Standard
Deviation

Fractions

1

1.012

0.005

1

1.004

0.005

2

1.020

0.005

2

1.022

0.008

3

1.032

0.011

3

1.025

0.006

4

1.032

0.002

4

1.031

0.007

5

1.047

0.017

5

1.049

0.008

6

1.069

0.018

6

1.077

0.015

7

1.093

0.014

7

1.092

0.021

8

1.122

0.014

8

1.126

0.006

9

1.145

0.010

9

1.147

0.010

10

1.152

0.077

10

1.192

0.009

11

1.214

0.002

11

1.210

0.001

12

1.214

0.004

12

1.215

0.004

13

1.221

0.001

13

1.216

0.003

14

1.218

0.005

14

1.214

0.004

15

1.218

0.004

15

1.214

0.002

16

1.221

0.005

16

1.219

0.002

17

1.266

0.007

17

1.243

0.048

Table 3.1: Fractions densities
Densities obtained from PC3RD and DU145RD gradient fractions. Each density represents n=3 biological
repeats as mean ± SD.

Subsequently, we selected the first 12 fractions of the gradient and:
-

1 biological replicate was subjected to A) protein acetone precipitation (500 µL of
each fraction) and the protein precipitated were directly lysed and used for
immunoblotting (Figure 3.10) and B) 500 µL of fraction 3 to 9 were concentrated
using 10 kDa protein concentrators and the resultant pool was loaded into a
gravimetric SEC column. Fraction 3 to 9 were selected following evaluation of
immunoblots screening of the individual fractions and considering the results
previously obtained with NTA (Figure 3.1). SEC fractions 3 to 8 were collected,
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pooled and PBS added and were spun down at 120,000 g for 2 hours. SEC fractions
were selected according to the previously obtained results reported in Figure 3.3.
The final washed EVs pellet was resuspended directly in lysis buffer, lysed and used
for immunoblotting.
-

1 biological replicate of each was concentrated using 10 kDa protein concentrators
and the resultant pool was loaded into the gravimetric SEC column. From the
column, 12 fractions were recovered and, A) 500 µL of each SEC fraction were
subjected to protein acetone precipitation followed by protein lysis and
immunoblotting (Figure 3.11 A and B) 500 uL of fractions 3 to 8 were concentrated
down to 200 µL using 2 kDa protein concentrators. The final concentrate was used
as final EVs samples. 50 µL of this final sample were lysed and used for
immunoblotting and the remaining was stored at -80 °C.

-

1 biological replicate of each was subjected to A) single wash and B) double wash.
In brief, 500 µL of fractions 3 to 9 were pooled and PBS added and were spun down
at 120,000 g for 2 hours. The final pellet, single washed was either directly
resuspended in lysis buffer, lysed and used for immunoblotting, or resuspended in
filtered PBS and spun down a second time, at 120,000 g for 2 hours, to be double
washed. After the second washing step, the EV pellet was directly resuspended in
lysis buffer, lysed and used for immunoblotting.

Additionally, we also screened the non-conditioned media to check the amount of dFBS
deriving vesicles. For this, we incubated the dFBS-containing RPMI for 48 hours in empty
flasks, collected and processed the media, following the same protocol as used for
conditioned media. This included concentration, bottom-up discontinuous Optiprep
density gradient, and double PBS wash. The final pellet was resuspended and analysed by
NTA.
All the final lysed EVs samples were analysed with immunoblotting to better understand,
firstly, the localisation of the EVs on the gradient and the SEC fraction and secondly, to
identify the washing methodologies that would give us a good balance between recovery
and purity of the final EV sample. A schematic summary of the different approaches
evaluated is represented in Figure 3.8.
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Figure 3.8: Protocol validation workflow

3.3.5 dFBS-derived EVs presence
In order to prove we were analysing EVs deriving from cells and not from dFBS, nonconditioned media, containing drugs was used as control. Particularly, this media was
subjected to all the steps CM would go through (from incubation to double wash) and EVs
were thus separated and analysed with NTA. Figure 3.9 shows the EVs count collected
from non-conditioned media and PC3RD- and DU145RD-derived EVs. In all cases we
observed a statistically significant increment in particle counts following media incubation
with the cells proving that vesicles under analysis derived from cells and not dFBS.
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Figure 3.9: Comparison of dFBS derived EVs concentration with PC3RD- and DU145RD-derived EVs
concentrations.
NTA analysis determined the concentration of the vesicles derived from non-conditioned media and PC3RDand DU145RD-derived condition media. Graphs represent n=3 biological repeats as mean ± SEM. t-test was
used to compare the concentration of the EVs derived from media and EVs derived from the cells. *P < 0.03,
**P < 0.009 and ***P < 0.001.
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3.3.6 Immunoblotting of gradient ultracentrifugation fractions
Figure 3.10 represents the immunoblotting results obtained after directly loading proteins
obtained from individual gradient fractions onto a gel. We used calnexin as a purity
marker and syntenin-1, actinin-4 and CD63 as EVs specific markers. The presence of
markers was similar and homogeneous between the two cell lines conditioned medias
gradient fractions, suggesting that, independently from the cells of origin, the vesicles
recovered are quite homogeneous. Calnexin, a marker used for EVs purity, was detected
from fraction 9 onwards, although the calnexin band appears quite faint in fraction 9. On
the other hand, EVs markers were detected between fraction 5 and 8 suggesting that most
of the vesicles can be found in those gradient fractions. However, following an overall
estimation considering the density and the NTA results showed in Table 3.1 and Figure 3.1
we decided to pool, for further analysis, fraction 3 to 9.

Figure 3.10: immunoblot analysis of PC3RD and DU145RD gradient fractions
The first 12 gradient fractions were collected and 500 µL of each fraction were subjected to acetone
precipitation. Once acetone was evaporated, the protein pellet was directly resuspended in lysis buffer,
lysed and 15 µg of protein for each fraction were loaded onto the gel. Calnexin, syntenin-1, actinin-4 and
CD63 presence were evaluated. Figure shows n=1 of A) PC3RD gradient fractions and B) DU145RD gradient
fractions.
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3.3.7 Immunoblotting of SEC fractions
The second step involved the analysis of the SEC fractions. The gradient fractions 3 to 9
were pooled, concentrated and loaded onto a SEC column. Firstly, we noticed a
completely different pattern of markers detected between the two sets of cell lines’
samples. As shown in Figure 3.11, in DU145RD-derived pool, calnexin appeared from
fraction 8, although particularly faint. Conversely, in PC3RD-derived pool, calnexin
appeared in fractions 10 to 12. For PC3RD, syntenin-1 and CD63 were present in fraction
5 and 6 while for DU145DR we observed a strong presence of syntenin-1 in fractions 3 and
4 and a strong presence of CD63 in fraction 5 and 6. Taking into considerations these
results together with the previously obtained NTA on small and medium vesicles, we
decided to pool fraction 3 to 8 for further analysis.

Figure 3.11: PC3RD and DU145RD SEC fractions immunoblotting
The first 12 SEC fractions were collected and 500 µL of each fraction were subjected to acetone
precipitation. Once acetone was evaporated, the protein pellet was directly resuspended in lysis buffer,
lysed and 15 µg of protein belonging to each fraction were loaded into the gel. Calnexin, syntenin-1 and
CD63 presence were evaluated. Figure shows n=1 of A) PC3RD gradient fractions and B) DU145RD gradient
fractions.
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3.3.8 Immunoblotting comparison of different purification approaches
Finally, we compared all the different EV samples, deriving from different
processing/purifications approaches, with a broader pattern of markers. Figure 3.12
shows the results obtained with immunoblotting.
Firstly, we explored the purity of the samples. We observed the presence of calnexin only
in the WCL suggesting that independent of the purification/washing approach used, we
recover clean vesicles.
The second observation is related to the intensity of the band recovered. We observed a
general trend of reduction in the intensity of the band when samples were processed with
SEC (lane 6 to 9). With few exceptions, such as flotillin and CD63 in position 6 and 9, most
of the band are extremely faint compared to all the other bands deriving from single and
double PBS wash (lane 2 to 5). Syntenin-1 and CD9 are completely absent suggesting that
with SEC we lose most of the vesicles.
Also, looking at single and double PBS wash (lane 2 to 5), we did not observe any
substantial differences in the intensity of the bands, suggesting that the double PBS wash,
although increase the cleanliness of the samples, does not affect the “amount” of vesicles
recovered; thus maximising both purity and recovery efficiency.

Figure 3.12: Immunoblotting comparison of different cleaning/purification procedures
PC3RD- and DU145RD-derived concentrated conditioned media were subjected to an Optiprep density
gradient. Fractions 3 to 9 were collected and: 2 and 3 resulted from single wash at 120,000 g with PBS; 4
and 5 resulted from double wash at 120,000 g with PBS; 6 and 7 resulted from concentration with 10 kDa
protein concentrators, loaded into an SEC column and the subsequent SEC fractions 3 to 8 were pooled and
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washed at 120,000 g with PBS; 8 and 9 resulted from concentration with 10 kDa protein concentrators,
loaded into an SEC column and the subsequent SEC fractions 3 to 8 were pooled and concentrated with 2
kDa protein concentrators. Calnexin, actinin-4, syntenin-1, flotillin-1, CD9 and CD63 presence were
evaluated. Figure represent n=1.

Taking into consideration all the results obtained, we decided that the most appropriate
methodology for EVs recovery was gradient ultracentrifugation followed by double PBS
wash. A schematic workflow of this isolation method is shown in Figure 3.13.

Figure 3.13: Optimised EVs separation protocol
The workflow used as the final EVs separation protocol. Briefly, DU145RD or PC3RD conditioned media was
spun down 3 times at 300g as a pre-clearance step and subsequently concentrated using tangential flow
filtration obtaining to a volume of 2 mL of concentrated conditioned media. This retentate was enriched
with 60 % Optiprep and loaded as the bottom layer of a discontinuous Optiprep gradient (40 % layer)
constituted laying on top of the bottom fraction 2.5 mL of 30, 20, 10 and 5 % Optiprep solutions. The
gradient was then spun down at 186,700 g for 18 hours at 4 °C (Backman coulter rotor 31.1 Ti). The day
after, fractions 3 to 9 were pooled, added to around 30 mL of filtered PBS and washed at 120,000 g for 2
hours at 4 °C (Backman coulter rotor 70 Ti). The pellet was then resuspended in 1 mL of filtered PBS, added
to a new UC tube containing appoximately 38 mL of PBS and washed a second time at 120,000 g for 2 hours
at 4 °C. The final pellet was then resuspended in 200 µL of filtered PBS and stored at -80 °C.

3.4 Discussion
Many different isolation protocols are currently in use in the EVs field. However, their
heterogeneity is still a major problem. Additionally, although the EVs field has been
expanding in the last 20 years, there are no standard procedures available. The
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methodologies used for EVs isolation still depend on the EVs application and the fluid of
origin and there still exists confusion in the nomenclature.
Unfortunately, every method has its advantages and disadvantages, so the choice strictly
depends on the specific needs of the research question, leading to disparate results with
no possibility to compare results among different labs. In this specific project, we aimed
to improve the yield of EVs along with improvement of the purity of the isolates. Although
dUC is considered as the gold standard of EVs isolation method, its limitations on recovery
rate and purity are reflected when new methods with overall increased performances are
preferred over dUC.
A challenge, when working with EVs separated from cell conditioned media is the
potential presence of contaminant EVs or particles deriving from the culture media that
can be co-isolated with the EVs under investigation. In fact, Jeppesen et al 153 proved that
two different non-conditioned media, without FBS, carry protein aggregates and
background particles that can affect subsequent EVs analysis; especially analyses that
quantifies EVs concentrations and diameter, such as NTA. Thus, the establishment of good
cell culture conditions is fundamental for efficient EVs recovery. Many research groups
have proved that culture conditions, such as media, FBS absence or presence, cellular
confluency, etc. can all affect the rate of release and the content of EVs recovered.
In this chapter, the goal was to establish an EV separation protocol from cells cultured
under pharmacological stress, with the end goal of checking if, under pharmacological
treatment, EVs release could be blocked. All drugs, independently from the concentration
(lethal or not) used, cause stress to the cells as it is an external stimulus that is not part of
the cells’ physiological environment. For this reason, we decided to culture our cells up to
70 % confluency, (as it was previously reported as best confluency to maximise EVs
recovery) and to grow them in EV-depleted media. There is growing concern around the
EV removal efficiency from FBS. However as proven by Shelke et al369, an 18 hours highspeed UC removes up to 95 % of FBS derived particles yet leaves the FBS properties intact
to sustain cell viability. As expected, dFBS containing media had a slight impact on cell
growth, i.e. cells grew slower than usual. This observation was expected as long and highspeed ultracentrifugations partially pellets important constituents present in the FBS that
are used as nutrients by the cells, as previously reported370. To maintain physiological
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conditions to separate EVs from cells, slightly slower growth is acceptable compared to
starvation-like conditions that would result if FBS is not present at all in the media.
To be sure, we still analysed non-conditioned media with NTA in order to set up a baseline
since the bias made by the residual particles would be in all samples. As it can be seen in
Figure 3.9, we observed a statistically significant increment in vesicles recovery following
media incubation with PC3RD and DU145RD cells, with very few vesicles isolated from
non-conditioned media. These results showed how EVs depletion from FBS can be
achieved with our protocol.
The need to recover as many EVs as we could to properly evaluate the inhibitor’s effects
on vesicles release, prompted us to evaluate and optimise a separation protocol in which
CM is first concentrated and then subjected directly to an Optiprep density gradient. A
similar procedure has been already reported by An Hendrix group, in which they report
the concentration of urine, blood plasma or cells conditioned media using centrifugal or
vacuum filters device for sample concentration followed by a top-bottom or a bottom-up
Optiprep gradient chosen according to the specific biofluid needs and followed by SEC
purification371–374.
All devices working with a centrifugal filter or vacuum filter are considered dead-end
filtration systems since the filtration stops when there is no further liquid to be filtered.
However, these methodologies are considered quite rough, since EVs are subjected to
high centrifugal or vacuum pressure which can potentially damage them or promote their
aggregation. Additionally, with dead-end filtration, larger particles usually clog the pores
of the membrane, resulting in filter cake formation and leading to impaired particle
separation. Tangential flow filtration (TFF) is considered as a better device for EVs
concentration since the tangential flow avoids the cake formation and the manual
pressure is gentle on vesicles preventing their damage or aggregation while allowing high
percentage of particle recovery182,375.
Concerning the choice of the type of gradient to be performed, a bottom-up density
gradient is normally preferred for EVs separation because only vesicular structures can
float and cross the entire gradient to find their preferred density. This allows optimal EVs
separation from protein contaminants. Figure 3.1 represents a net distinction between
EVs-containing gradient fraction and high protein content gradient fractions. Irrespective
of the concentrated conditioned media used or the cell line PC3RD or DU145RD or control
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media or media recovered following treatment with the proposed EVs inhibitors, the
pattern was always the same: we could observe a high amount of vesicular presence
between fraction 1 and 9 (based on NTA evaluation), with minimal protein contaminations
observed throughout these fractions. We observed a minimal vesicular presence from
fraction 9 onwards and these fractions were mainly populated by contaminant protein
content.
At the same time, we could also identify two distinct vesicular peaks: for gradient fraction
1 to 4 presence of small vesicles and gradient fraction 5-9 presence of medium vesicles.
Thus, we aimed at separating the two different EVs subset and analyse them
independently. However, one problem was still present: elimination of the remaining
contaminant protein and clearing the EVs from carried over Optiprep.
Lately, SEC method is gathering attention as EVs purification method and it has been
previously reported the presence of commercially available SEC specifically for EVs
isolation and purification376. As one step in our procedure, we used this commercially
available column and following the manufacturer’s recommendation, we performed the
separation. Upon screening the SEC fraction using NTA, both medium and small vesicles
had the same distribution pattern and both vesicles accumulated between fraction 3 and
fraction 8 (Figure 3.3), with assumed contaminants accurring from fraction 10 onwards.
We, thus progress to investigating the type and number of vesicles recovered and, most
importantly, if we could block EV release using proposed pharmaceutical inhibitors.
Initially we focussed on the possible effects on PC3RD-derived vesicles. As presented in
Figure 3.4, control medium vesicles have an average dimension of 140 nm. Both Y27632
and Calpeptin, reported to inhibit medium and large vesicles release, did not affect (alone
or in combination) the dimension of the particles and particles concentration. However,
when these two drugs were combined in Combo, a significant decrease in particle
concentration was observed. Manumycin A had similar results with no significant
difference observed for particle dimensions but a significant reduction in vesicles
concentration was noted. An opposite trend was observed with GW4869 in which an
increase in medium vesicles was observed. The NTA results indicating an overall increase
in the diameter and concentration of the medium particles.
To better clarify, we evaluated the presence of markers in the separated vesicles, so we
analysed both mVesicles (Figure 3.5 and Figure 3.6) and sVesicles (Figure 3.7) derived from
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DU145RD and PC3RD. Overall, with both cell lines, we observed an increase in syntenin-1
and CD63 detected associated with calpeptin and GW4869 compared to control medium
vesicles, supporting our NTA observations that showed an increase in the release of
vesicles upon these treatments. However, when we proceeded with the analysis of the
sVesicles markers, we did not obtain any results. Regardless of the expected origin of small
vesicles (DU145RD- or PC3RD-derived), no signals were obtained by immunoblotting. We
could associate this with a procedural problem in the EVs separation/purification method.
Although NTA results indicate the presence of particles in SEC fractions, these detected
particles are not EVs; as proven by the absence of EVs markers. Therefore, we decided to
step back and explore an alternative methodology for EVs separation. We restarted with
the gradient ultracentrifugation step and analysed the fractions for density and presence
of EV markers by immunoblotting.
It is generally established that EVs falls in a density range of 1.10-1.19 g/mL. However, it
depends on the type of media used (in sucrose gradient it is usually 1.13-1.19 g/mL); and
the type of tubes (and, thus, the total volume of Optiprep used) and rotors used for
gradient ultracentrifugation. As shown in Table 3.1 and the NTA distribution reported in
Figure 3.1, the isolated vesicles had a density between 1.03 and 1.15 including fraction 3
to 9.
According to MISEV 2018 guidelines, the choice of EVs markers should contain at least 3
markers: one surface marker, most commonly identified tetraspanins such as CD63 and
CD9; an internal soluble marker, such as flotillin-1 or syntenin-1 or actinin-4; and a purity
marker associated with common contaminants of the biofluid under analysis or of cell
pathways/organelle unrelated to vesicles production. As our attention was on
conditioned media, so cellular product, we decided to choose the latter option and used
calnexin as a purity marker360.
As shown in Figure 3.10, we detected calnexin from fraction 10 onwards supporting the
BCA/NTA results (Figure 3.1) indicating the possible presence of contaminants protein and
few particles in these fractions. However, the few particles contained in those fractions
deriving from PC3RD cells were strongly positive for actinin-4. So, although a faint calnexin
band was detected in fraction 9, we decided to include that fraction, but to discard actinin4 positive fractions 10, 11 and 12 from PC3RD to maximise EVs purity. Surprisingly, actinin4-positive vesicles were so under-represented in DU145RD-derived samples that once
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analysed, the immunoblot membrane appeared blank both before and after the SEC step
(Figure 3.10 and Figure 3.11). Conversely, we detected strong syntenin-1 and CD63 signals
between fraction 4 and fraction 8, suggesting that most of the vesicles fall within those
fractions. We thus discarded fraction 1 and 2, since, although NTA showed the presence
of particles, most probably those particles are just Optiprep aggregates. We finally only
pooled fraction 3 to 9.
Once fractions 3-9 were pooled and concentrated through 10 kDa protein concentrators,
they were loaded onto SEC and 12 fractions were collected. As shown in Figure 3.11,
during the purification step, actinin-4-positive vesicles were lost. However, we retained
syntenin-1-positive and CD63-positive vesicles from fraction 4, 5 and 6. Calnexin, although
faint, started to appear in fraction 10 onwards. For DU145RD samples, although we
observed higher calnexin contaminations with a faint band starting to appear in fraction
8 and getting stronger in fraction 9 onwards, we observed a strong syntenin-1 presence
in fractions 3 and 4 and a strong CD63 presence in fraction 5 and 6, with a very faint band
appearing in fraction 7. We, thus, decided to pool fraction 3 to 8 for further analysis.
Independently from the subsequent processing steps, all recovered EVs were negative for
calnexin and actinin-4 as presented in Figure 3.12, where the only positive bands for these
two markers can be seen in the whole cell lysate (WCL).
CD9-positive vesicles were recovered exclusively when EVs were pooled and washed using
UC. We did not observe significant differences between the density of the band obtained
post single or double wash. Similar results were obtained when probing for syntenin-1.
The bands recovered using SEC-derived EVs were extremely faint compared to the
single/double wash procedure. For flotillin-1 and CD63, we observed the presence of
these markers in all different EVs samples, however, the intensity of the recovered bands
was lower when samples were first passed with SEC. Overall, these results show that
although pre-treating EVs with an SEC step results in the recovery of highly purified
vesicles, at the same time only a subset of vesicles are recovered, proved by the loss of
CD9 and recovery of a lower amount of flotillin-1, syntenin-1 and CD63 positive vesicles.
At the same time, in all cases, we could not observe a significant difference between the
bands obtained from a single washed vs a double washed EVs and in all cases, we observed
all the analysed markers except actinin 4. We consider this acceptable and therefore
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decided to use the single/double PBS wash as a clearing/purification step for our EVs
separation protocol.

3.5 Conclusion
In this study, we aimed to isolate as many EVs as possible and SEC proved to be an
inefficient method for our requirement. On the other hand, Optiprep density gradient
applied directly on concentrated conditioned media proved to be an extremely powerful
tool for EVs separation allowing the recovery of a comprehensive EVs sample that can be
easily washed and purified simply by pelleting it. While commercially available SEC
columns are powerful tools for EVs separation and purification, attention must be paid to
the specific requirements of the study. Although high purity is assured this also leads to
the loss of certain EVs subsets during the separation procedures, allowing the recovery of
specific EVs subset that are not representative of the entire EVs pool.
The results of this study proved the efficient set-up of an optimised EVs separation
protocol that helps us in the recovery of a highly pure and comprehensive EVs sample,
representative of the cells of origin.
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CHAPTER 4: Pharmacological
inhibition of Extracellular
Vesicles release
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4.0 Abstract
EVs are released by almost, if not all, cell types and considering their major role as a
shuttle of information, it is not surprising that they are involved in several physiological
and pathophysiological conditions. In fact, through the transfer of their molecular
content, EVs can alter the function of recipient cells. While this transfer is fundamental
for the normal homeostasis of our body or the activation of physiological processes such
as metabolic regulation, organogenesis and tissue repair/regeneration, antigen
presentation and immune response, on contrary the shuttle of information deriving from
malignant cells can ultimately lead to disease progression. In fact, EVs are reported to play
key roles in cardiovascular dysfunction, pathogen-host interactions, carcinogenesis and
tumour invasion/metastasis. Aspects of EVs biogenesis or function are, therefore,
increasingly being considered as targets for anti-cancer therapy. Among the approaches
under investigation is the use of inhibitors of EVs release to block EVs biogenesis and/or
release with the ultimate goal to reduce the spreading of the disease.
In this study and for the first time, we evaluated four EVs inhibitors (Y27632, calpeptin,
GW4869 and manumycin A), used alone or in combination, to block the release of EVs
sub-populations. These inhibitors were used on docetaxel-resistant prostate cancer cells,
EVs were separated via gradient ultracentrifugation and characterised according to MISEV
2018 guidelines. Subsequently, any EVs sub-populations that continued to be released
were recovered and functionally evaluated on receiving cell lines to better understand the
clinical potential of these inhibitors.
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4.1 Introduction
The importance of EVs in the intercellular communication between tumour and healthy
cells has been reported. Through EVs, tumour cells can shuttle information to target cells,
thus promoting the spread of the disease. EVs have been reported to change the
tumorigenic potential of recipient cells by increasing their migration, invasion and
metastasis, their ability to re-model the extracellular matrix and their ability to escape
immune surveillance. For example, Sato et al.377 reported that EVs derived from head and
neck squamous cell carcinoma regulated in vitro and in vivo tumour angiogenesis. Jung et
al.378 reported that EVs derived from CD44 variant isoform (CD44v6)-positive pancreatic
cancer cells contributed to the formation of a pre-metastatic niche in lymph nodes and
lungs. Szajnik et al.379 demonstrated that EVs released by tumour cells induced the
expansion of human Tregs, promoting the formation of an immunosuppressive
microenvironment. Additionally, evidence suggests that EVs are involved in the spreading
of the resistance from drug-resistant to drug-sensitive cells. Our group was the first to
prove the ability of isolated EVs, derived from docetaxel resistant prostate cancer cells, to
transport docetaxel resistance via transfer of the multidrug resistance protein (MDRP) to
docetaxel sensitive cell lines118,134. Similar results were shown by Dong et al.127 in which
the vesicular transfer of TrpC5 from adriamycin resistant MCF7 cells to receiving cell led
to transcriptional activation of the MDR1 promoter leading ultimately to adriamycin
resistance transfer.
Due to their involvement in many pathophysiological processes, the focus has been given
to develop strategies to block, or, at least, dampen EVs release. Many pharmacological
agents are under evaluation. However, the complexity and heterogenicity of EVs make it
almost impossible to completely abrogate EVs production resulting instead, in the
blockage of selective EVs sub-populations. Additionally, the majority of studies do not
follow the “Minimal information for studies of EVs” (MISEV) guidelines which were
reported firstly in 2014 and subsequently updated in 2018360. These guidelines aim to give
consistency to all studies focusing on EVs and to guide researchers in building a robust
experimental design. After reviewing the studies previously performed on EVs inhibitors
(listed in Table 4.1), it became evident that the characterisation performed on isolated
EVs relied mostly on older methods that are not supported by MISEV guidelines. For
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example, Sapet et al.380 used annexin V staining to detect particles released following
Y27632 treatment directly in 1 mL of conditioned media with no EVs isolation at all or no
additional characterisation. Matsumoto et al.381 estimated EVs release post GW4869
treatment via BCA. However, a decrease in the pellet protein content does not necessarily
associate with a decrease in particle/EVs counts. Brassart et al.382 reported the efficacy of
Y27632 via evaluation of membrane blebbing. Munson et al.383 evaluated the isolated
vesicles via NTA, but the reported data was not normalised to the cell numbers, making it
impossible to estimate the effect of GW4869 on vesicles release. Niu et al.384 quantified
EVs release with a so-called exosomes quantification assay kit relying on AchE activity.
AchE is no longer recognised as appropriate methods for EVs characterisation.
Another important point to take into consideration when working with inhibitors is the
concentration and the incubation time used to evaluate the effect of the drug. Concerning
the concentration, logically drugs should not be used at a toxic concentration to properly
estimate their effect on EVs release but, in the majority of the studies, toxicity assay was
not reported. For instance, Mallik et al.385 used calpeptin at a concentration of 80 µM on
platelets without reporting its toxicity.
Similarly, the incubation time is crucial to clinically estimate the effect of the drug. In fact,
when working with cellular processes and pathways, enough time must be allowed, in
order to evaluate not only the immediate effect of the inhibitors but also to evaluate any
possible compensatory effect resulting from the activation of other mechanisms and
pathways put in place by the cells in response to the inhibitors stress. For example, Chen
et al.386, Wang et al.387, and J et al.388 evaluated Y27632 activity using respectively 10, 20
and 30 minutes of pre-incubation while Yano et al.389 and Siljander et al.390 evaluated
calpeptin effect on platelet using a 5 minutes pre-incubation time.
In many studies, cells were treated with more than one drug, in some cases activators of
EVs release. For example, Coleman et al.391 induced fibroblast apoptosis with TNF-α and
subsequently tried to stop membrane blebbing and microparticle/apoptotic bodies
release using Y27632. Crespin et al.392 stimulated EVs release from platelet using the
ionophore A23187, collagen and toxin B and subsequently tried to inhibit the release of
EVs with calpeptin.
Other activators used, included docetaxel/metoxantrone206, gefitinib and endothelial
growth factor (EGF)105, gemcitabine213, CoCl2 393, lipopolysaccharide (LPS)394, INF-γ395 and
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isoflurane210. Of note, for some studies, without stimulation, EVs inhibitors proved to be
ineffective. For example, Sapet et al.380 reported the efficacy of Y27632 when HMEC-1
cells were stimulated with thrombin but, without stimulation, they did not observe any
effect on particle release upon Y27632 treatment. Similar results were shown by Latham
et al.396 and Guo et al.397 who reported a decreased release of EVs when GW4869 was
used on GT1-7 cells previously infected with prions. However, without infection they did
not observe any effect on EVs upon GW4869 treatment.
In this study, we investigated four pharmacological inhibitors, alone and in combination,
that were previously reported to inhibit EVs release. Particularly we selected GW4869 (an
inhibitor of neutral sphingomyelinases) and manumycin A (an antibiotic that blocks Ras
farnesyltransferases) that are proposed to inhibit small EVs formation and release and
calpeptin (a calpain inhibitor) and Y27632 (known to prevent ROCK signalling) that are
proposed to inhibit the release of medium-sized EVs. Inhibitors effect was evaluated on
resting cells under no stimulation and released EVs were characterised following MISEV
guidelines. As per our knowledge, this is the first study characterising more than one EVs
inhibitor, alone and in combination, on prostate cancer cells with no stimulation, using a
long incubation time and following MISEV guidelines.
Cell type

EV isolation
method(s)

Jurkat, U937,
MCF-7, HaCat

HUVEC

Y27632

17,570g
No washing

NIH3T3
MDA-MB-231,
HeLa, U87

HCAECs
HMEC-1

Differential
ultracentrifugat
ion
No washing
17,500g
No washing

HMEC-1

EA.hy926

Inhibitor

Extra treatments
Induction of
apoptosis with
anti-Fas antibody
(7C11)
Sturosporin
Il-1α

Concentration of
inhibitor
10 µM
1hrs preincubation

Comments

Ref.

No toxicity

398

30 µM of Y276322hrs preincubation
200 µM of
calpeptin- 1hr precubation
10 µM
2 hrs incubation
5 µM

No toxicity

399

No toxicity

391

No toxicity

400

No toxicity

401

Y27632
Calpeptin

Annexin V
FACS
SEM on
blebbing cells

Y27632

Blebbing cells

TNFα

Y27632

Blebbing cells
Immunoblot

EGF
Starvation

Y27632

Flow
cytometry
(CD62E,
CD105, CD51,
CD106, CD31
and CD53)
Annexin V
staining flow
cytometry
Annexin V
and CD73
flow
cytometry

TNFα
Thrombin
Starvation

10 µM
24 hrs incubation

Thrombin

0-10 µM
1 hr preincubation
10 µM
30 mins preincubation

Y27632

20,000g
No washing

EV release
measurement
Membrane
blebbing

Y27632
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Isoflurane

380

402

hCMEC/D3
BBB EC

18,000g
No washing

Y27632

Many different
including HT1080, MDA-MB231, A375, HUH7 and HT-29

100,000g
No washing

Y27632

HUVEC

Platelets

Y27632

180,000g
No washing

HEK293
Human
astrocytoma cell
line, U373MG

Y27632

Y27632

F11

150,000g
No washing

Manumycin A

BUMPT

100,000g

Manumycin A
GW4869

C4-2B
RWPE-1
PC3
22RV1
Platelets

Differential
ultracentrifugat
ion
ExoEasy kit
100,000g
No washing

Manumycin A

Calpeptin

Rat hepatocytes

Calpeptin

Platelets

Calpeptin

Platelets

Calpeptin

Platelets

Calpeptin

PC3

Filtration or
100,000g
No washing
15,000g

HEK293
SH-SY5Y

130,000g
No washing

Calpeptin

THP-1

160,000g or
25,000g
No washing

Calpeptin

Calpeptin

Annexin V or
CD105 flow
cytometry
SEM
Blebbing cells
BCA
Optical
microscopy
TEM
Hsp90
immunoblot
CD31 flow
cytometry
Annexin V
and CD61
flow
cytometry
TEM
NK-1R-GFP
positive
vesicles by
flow
cytometry
NTA
Immunoblot
GFP-CD63
exosomes
NTA
Immunoblot
TEM

NTA
qNANO
Flow
cytomtery
Annexin V
and CD41a
flow
cytometry
Phasecontrast
microscopy
TEM
Flow
cytometry
Annexin V
and CD41a
flow
cytometry
Immunoblot

NTA
Annexin V
Flow
cytometry
Shedding with
confocal
microscopy
Flow
cytometry
Annexin V
and CD63
flow
cytometry
TEM
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396

Many different
including TNFα

5 µM
2 hrs pretreatment

EDP

25 µM

LPS with/without
tetramethylpyrazi
ne
Collagen
High glucose level

10 µM
30 mins preincubation
10 µM
10 mins preincubation

388

Undecapeptide
substance P

10 µM
20 mins preincubation

386

No NTA

382

387

5 µM

No toxicity

403

1 µM of
Manumycin A
10 µM of GW4869
2 hrs preincubation
0-500 nM

No toxicity

404

A23187
Collagen
Toxin B

9-70 µM
30 mins preincubation

No toxicity

392

TBHP
CaCl2
EGTA

30 µM
30 mins preincubation

No toxicity

393

A23187
Thrombin
Collagen
A23187
CaCl2
PrP

10-300 µM
5 ins preincubation
80 µM
30 min treatment

No toxicity

389

No toxicity

385

A23187
Collagen

10-20 µg/ml

No toxicity

406

Docetaxel
Mitoxantrone

20 µM
45 mins preincubation

Many different
including
cytoskeleton
destabiliser

60 µM

0-100 µM
30 mins treatment

405

407

No toxicity

408

409

Platelets

Calpeptin

Platelets

Calpeptin

B16BL6

0.22 µm
filtration
100,000g

GW4869

SKOV3

ExoQuick

GW4869

CAF-1

ExoQuick

GW4869

PC9

ExoQuick

GW4869

Rov and Mov
cells

100,000g

GW4869

HsC
LX-2
Cardiac
fibroblasts
isolated from
neonatal rat
GT1-7

Calceinlabelled MVs
Annexin V
flow
cyotmetry
Blebbing
Annexin V
flow
cytometry
BCA
NTA
qNANO
immunoblot
Immunoblot
DNMT1
detection by
PCR
TEM
Immunoblot
Particle
anlayser
Light
transmission
spectroscopy
for CD63-GFP
quantification
TEM
BCA
Annexin V
flow
cytometry
Immunoblot
TEM
Immunoblot

Many different

50 µM

No toxicity

410

Many different
including
convulxin

30 µM
5 mins preincubation

No toxicity

390

5 µg/ml

Used
immunoblot to
measure EV
reduction

381

1 µM
gemcitabine

Prions

Not mentioned

411

20 µM

412

5-20 µM

Used BCA to
measure
reduction in
EVs

413

10 µM
26 hrs incubation

No toxicity

414

10 µM

No toxicity

415

No toxicity

416

GW4869

Immunoblot

Differential
ultracentrifugat
ion

GW4869

TEM
Immunoblot
BCA

Many different
such as
angiotensin II

10 µM and 40 µM
48hrs incubation

Differential
ultracentrifugat
ion

GW4869

Prions

4 µM
48 hrs incubation

397

MDA-MB-231
SKBR3
Mouse L-cells

14,000g and
100,000g

GW4869

Scratch assay

5 µM
16 hrs incubation

417

HT29
HCT116

Life technology
isolation kit

GW4869

TEM
AchE activity
qNANO
Immunoblot
NTA
TEM
Immunoblot
Flow
cytometry
TEM
Immunoblot

CoCl2 to mimic
hypoxia

Not mentioned

HBMECs

Anti-CD63
beads or
130,000g

GW4869

Mouse umbilical
MSCs

12,000g and
120,000g

GW4869

ADSCs

100,000

GW4869

Mice microglia
slice culture

0.22 µm
filtration
100,000g

GW4869

MicroBCA
CD63 ELISA
NTA
TEM
NTA
TEM
Immunoblot
TEM
CD63 and
CD81 Flow
cytometry
Immunoblot
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10 µM and 20 µM
4hrs preincubation

Use
immunoblot to
measure EV
reduction
Use
immunoblot to
measure EV
reduction

LPS
INFγ

1 µM and 10 µM
96 hrs incubation

419

420

5 µM
48 hrs incubation
1 µM
8 hrs incubation

418

No
characterisation
of EVs after
GW4869
treatment

395

421

ExoQuick

GW4869

TEM
Immunoblot
NTA

40 µM
72 hrs incubation

100,000g

GW4869

10 µM
24 grs incubation

422

THP-1

100,000g
No washing

GW4869

PEG isolation
and 120,000g

GW4869

10 µM
2 hrs preincubation
10 µM

423

HUVECs

VSC 4.1 neurons

Differential
ultracentrifugat
ion

GW4869

TEM
NTA
Immunoblot
TEM
NTA
Immunoblot
BCA
Zetasizer
TEM
Immunoblot
NTA
TEM
Immunoblot

Primary stem
cells derived
from patient’s
dental pulp
tissue
Primary stem
cells derived
from patient’s
dental pulp
tissue

Differential
ultracentrifugat
ion

GW4869

NTA
BCA
TEM
Immunoblot

10 µM
12 hrs preincubation

Differential
ultracentrifugat
ion

GW4869

NTA
BCA
TEM
Immunoblot

Not mentioned

Human
endometrial
adenocarcinoma
cell line,
Ishikawa
A549

100,000g
Concentration
with Vivaspin
100K MWCO
Exo-Spin kit
ExoQuick

GW4869

TEM
EXOCET
AchE activity

0.1 µM, 1 µM, 10
µM, 20 µM
48 hrs incubation

GW4869

NTA
TEM

10 µM
24hrs preincubation

661W cells

10,000g and
150,000g

GW4869

NTA
Zetasizer
TEM
Immunoblot

THP-1 cells
differentiated
into
macrophages
Cal51 TNBC cells

0.22 µm
filtration
100,000g

GW4869

0.22 µm
filtration
120,000g
Exospin for
GW4869
treated cell
derived CM
ExoQuick
TEI kit

GW4869

NTA
TEM
AFM
Immunoblot
NTA
Immunoblot

1.25 mg/kg in mice
(injected daily for
5 days)
20 µM in 611W
cells4 hrs incubation
10 µmol-1
48 hrs incubation

GW4869

Differential
ultracentrifugat
ion and sucrose
density
gradient
Differential
ultracentrifugat
ion

Patient serum
C2C12 cells
C57BL/6 mouse
models

BEAS-2b cells

A431,
MDA-MB-231,
BxPC3, Panc1,
PC3, DLD-1,

Not mentioned

No toxicity

383

Human pleural
MM cancer
cells, H2373,
H2595, HP-1
and Hmeso
HT29 and
SW480

No toxicity

424

No toxicity.
BCA used to
measure EV
reduction
BCA used to
measure EV
reduction

425

No toxicity.
No
characterisation
of EVs released
after GW4869
treatment
EV release
measured by
AchE activity
and
immunoblot
No toxicity

427

426

384

428

429

No toxicity.
Did not show
NTA data

430

5 µM
48hrs incubation

No toxicity

431

Immunoblot
Flow
cytometry

100 µM in mice
(injected once)
8 µM in cells for
72 hrs

432

GW4869

Immunoblot
Flow
cytometry

5 µM
1 hrs preincubation

No toxicity.
EV
concentration
measured by
BCA and AchE
activity
No toxicity.
Immunoblot
used to
measure EV
reduction

GW4869

NTA

10 µM
24 hrs incubation
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Pre-treatment
with paclitaxel to
induce
senescence

433

434

CaCo-2
5TGM1

0.22 µm
filtration
Concentration
with 150kDa
ExoQuick
Density
ultracentrifugat
ion
Differential
ultracentrifugat
ion and sucrose
density
gradient

GW4869

BCA
Zetasizer
Immunoblots
TEM

2.5 µM, 5 µM, 10
µM in vitro (24 hrs
incubation)
2.5 mpk in vivo
(Treated
intraperitoneally 3
times per week)

No toxicity.
Immunoblot
used to
measure EV
reduction

435

GW4869

BCA

Immunoblot
used to
measure EV
reduction

436

Human renal
tubular
epithelial cells,
HK-2

ExoQuick

GW4869

NanoFCM
TEM
Immunoblots

C75B1/6 mice
injected with 4
µg/g daily for 5
days
10 µM, 20 µM, 40
µM
40 µM -24 hrs
incubation

394

Adult mouse
cardiomyocytes

0.22 µm
filtration
120,000g

GW4869

BCA
Zetasizer
Immunoblot
AchE kit

Toxicity
performed
using reduction
of tetraspanins
(CD9, CD63,
CD81) by
immunoblot.
Used HK-2 cell
lysate and
supernatant to
measure EV
reduction
No toxicity
reported. No
characterisation
after GW4869
treatment

Mixed glial cells
from mice

LPS

TG (diabetes)
mouse model
(FVB/N mice)
injected with 1
µg/g daily for 5
days

Table 4.1: Details of studies that have used the proposed EV inhibitors used in this project

4.1.1 Aim
The aim of this study was to evaluate a possible adjuvant therapy for prostate cancer
treatment via evaluation of four pharmacological EVs inhibitors in order to selectively
block EVs sub-populations and reduce the spreading of aggressive behaviours shuttled by
the EVs within the tumour mass.
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437

4.2 Materials and methods
4.2.1 Cell Culture
DU145RD, PC3RD, PNT2, 22RV1, PC3 Ag and DU145 Ag cell lines were grown in RPMI
medium (Sigma-Aldrich, Cat. # R0883) containing 10 % foetal bovine serum (FBS) (Gibco,
Cat. #: 10270106) and 2 mM L-Glutamine (Sigma-Aldrich, Cat. #: 10516) at 37 °C, 5 % CO2.
dFBS was produced as per Section 2.2.2
Mycoplasma testing was routinely performed by reverse-transcriptase polymerase chain
reaction (RT-PCR) (ATCC; cat #30-1012K) every three months.

4.2.2 Establishing EVs inhibitors drug concentrations
A set of cytotoxicity assays were performed in order to evaluate the best drug
concentration to be used on docetaxel resistant cells to try to block EVs release, but
without being toxic to the cells.
Drug inhibitors were solubilised or suspended in pure DMSO. Calpeptin (SelleckChem, Cat.
# S7396) and Y27632 (SelleckChem, Cat. # S1049) were solubilised following
manufacturers recommendations to make 10 mM and 50 mM stock solutions,
respectively. Manumycin A (Sigma-Aldrich, Cat. # M6418) was solubilised to make a final
stock solution of 5 mM. GW4869 (SelleckChem, Cat. # S7609) is insoluble in DMSO and
therefore was homogeneously suspended in DMSO with a final suspension concentration
of 1.5 mM.
PC3RD and DU145RD were seeded at 2x103 cells/well in a 96-well plate in 10 % FBScontaining medium and allowed to attach overnight. The following day, the medium was
replaced with RPMI medium supplemented with 10% dFBS and cells were treated with
increasing concentration of proposed EV release drug inhibitors as reported in Table 4.2.
For drug combinations, Combo 1 represent the combination of calpeptin and Y27632,
while Combo 2 represent the combination of manumycin A and GW4869 were tested. As
vehicle control, DMSO was used at the same final concentration as in the drug samples. 2
and 5 days post-treatment, an acid phosphatase assay was performed to measure cell
viability as per section 2.3.2.2.
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Y27632

Calpeptin

Combo 1

GW4869

(µM)

(µM)

(Calpeptin + (µM)

Manumycin

Combo 2

A (µM)

(GW4869

Y27632)

+

Manumicyn
A)

0

0

0+0

0

0

0+0

1

5

5+1

1

0.25

1 + 0.25

2.5

10

10 + 2.5

2.5

0.5

2.5 + 0.5

5

15

15 + 5

5

0.75

5 + 0.75

7.5

20

20 + 7.5

7.5

1

7.5 + 1

10

25

25 + 10

10

1.25

10 + 1.25

12.5

30

30 + 12.5

12.5

1.5

12.5 + 1.5

15

35

35 + 15

15

2

15 + 2

17.5

40

40 + 17.5

17.5

1.5

17.5 + 1.5

Table 4.2: Proposed EVs release drug inhibitor concentrations used.
Concentrations used to evaluate EVs drug inhibitor toxicity on docetaxel-resistant PC3RD and DU145RD
prostate cancer cell lines.

4.2.3 Evaluation of cell viability after the use of EVs inhibitors
To more extensively evaluate the effect of EV release drug inhibitors on docetaxelresistant cell viability, flow cytometry was performed to investigate apoptosis and
necrosis of cells.
For flow cytometry analysis, it is fundamental to have appropriate controls, both positive
and negative. As positive control staurosporine (Sigma Aldrich, Cat. # S4400), a wellknown drug that induces apoptosis, was used. Two concentrations of staurosporine were
used as positive controls: the first one used to induce 100% of apoptosis, while the second
one was used to mimic the viability obtained using our EV release drug inhibitors. These
concentrations were established using cytotoxicity assay. Specifically, PC3RD and
DU145RD were seeded at 4x103 cells/well in a 96-well plate in 10% FBS and allowed to
attach overnight. The following day the medium was replaced with RPMI medium
supplemented with 10 % dFBS and cells were treated with increasing concentration of
staurosporine: 0-1000 pM and 0-1000 nM. Considering that 48 hours was selected as time
point for EVs collection, staurosporine control was evaluated only for this frame of time.
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Thus, following 2 days of incubation, an acid phosphatase assay was performed to
measure cell viability as reported in Section 4.2.2.
Once the staurosporine concentrations were established, flow cytometry analysis was
performed. PC3RD and DU145RD cells were seeded at a density of 105 cells/well in a 6well plate in 10% FBS-containing RPMI medium and allowed to attach overnight. The
following day the medium was replaced with RPMI media supplemented with 10 % dFBS
and cells were treated with staurosporine, Y27632, GW4869, manumycin A, calpeptin and
Combo 1. After 2 days of incubation, the medium was collected, cells were rinsed twice
with 500 µL of PBS (Sigma-Aldrich, Cat. #: P8537) and the washing PBS was added to the
medium to not lose any dead cells that were in suspension. Cells were subsequently
trypsinised using 500 µL of trypsin and once detached from the well they were added to
the medium. The samples were centrifuged at 1200 g for 5 minutes, the supernatant was
decanted and the pellet was resuspended in 500 µL of in-house made Annexin V binding
buffer (for 20X Annexin V binding buffer: 2.6 g of Hepes (10.9 mM), 8.18 g of NaCl (140
mM), 0.28 g of CaCl2 (2.5 mM), pH 7.4). After resuspension, cells were centrifuged and
pelleted again at 600 g for 5 minutes, the supernatant was removed and the pellet was
incubated with 40 µL of anti-Annexin V antibody (IQ Products, Cat. # IQP-120F, diluted
1:33.3 in binding buffer) for 20 minutes on ice. After the incubation time, cells were
pelleted again at 600 g for 5 minutes and resuspended in 500 µL of binding buffer adding
in each sample 5 uL of propidium iodide stain (BD Pharminogen, Cat. # 51-66211E). Cells
were then immediately analysed using the BD Accuri C6 analysing 10,000 positive events.

4.2.4 Characterisation of EVs inhibitors effects on resistant cells

4.2.4.1

Wound healing (Migration) Assay

PC3RD and DU145RD cells were seeded at 1.5x 105 cells/well in a 24-well plate (well
diameter: 15,6 mm) in 10% dFBS-containing RPMI medium and allowed to grow overnight.
The next day the wells were scratched with a p200 pipette tip down the centre of the well.
The medium was removed from the wells and they were washed (X2) with 500 µl of 1%
FBS medium. Y27632, manumycin A, GW4869 and calpeptin (and media, as control) were
added to the appropriate wells at a final concentration of 5 µM for Y27632; 750 nM for
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manumycin A; 20 µM for GW4869; and 15 µM for calpeptin. Images were taken (x 3 for
each well) of the scratch with a 10X objective lens using an Olympus IX81 inverted
microscope just after treatment (0hrs) and after 24 and 48 hrs. ImageJ was used to
measure the wound closure as previously reported in Section 2.3.2.1.

4.2.4.2

Invasion assay

Invasion assays were performed using 8 µm pore size 24-well transwell chambers (Falcon,
Cat. #: 353097) and the inserts were pre-coated with extracellular matrix (ECM) (SigmaAldrich, Cat. #: E l270). 1.25x105 DU145RD or PC3RD were seeded in the upper
compartment in low serum (1 %) and allowed to attach overnight. The day after seeding,
media was aspirated and substituted with low serum media (1 %) added with EVs
inhibitors at a final concentration of 5 µM for Y27632; 750 nM for manumycin A; 20 µM
for GW4869; and 15 µM for calpeptin. 10 % FBS-containing media was added to the well
below the insert to stimulate cells invasion. Cells were left to invade for 24 hours.
After the incubation time, cells in the upper chamber were physically removed using a
cotton swab soaked in PBS and migrated/invaded cells were stained with crystal violet
(Sigma-Aldrich, Cat. #: C6158). Staining was solubilised in 10 % acetic acid and absorbance
was measured at 595 nm on a FlouStar Optima microplate reader (Serial #: 08-100-241).

4.2.5 EVs Isolation
EVs were isolated from PC3RD and DU145RD using the isolation protocol optimised in
Chapter 2. When the medium was replaced with dFBS containing RPMI medium, EV
release drug inhibitors were added at the following final concentrations: 15 µM calpeptin;
5 µM Y27632, 750 nM manumycin A; and 20 µM GW4869. Protocol workflow is
represented in Figure 4.1.
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Figure 4.1: EVs separation protocol
The workflow used as the final EVs separation protocol. Briefly, DU145RD or PC3RD conditioned media was
spun down 3 times at 300 g as a pre-clearance step and subsequently concentrated using tangential flow
filtration obtaining to a volume of 2 mL of concentrated conditioned media. This retentate was enriched
with 60 % Optiprep and loaded as the bottom layer of a discontinuous Optiprep gradient (40 % layer)
constituted laying on top of the bottom fraction 2.5 mL of 30, 20, 10 and 5 % Optiprep solutions. The
gradient was then spun down at 186,700 g for 18 hours at 4 °C (Backman coulter rotor 32.1 Ti). The day
after, fractions 3 to 9 were pooled, added to around 30 mL of filtered PBS and washed at 120,000 g for 2
hours at 4 °C (Backman coulter rotot 70 Ti). The pellet was then resuspended in 1 mL of filtered PBS, added
to a new UC tube containing appoximately 38 mL of PBS and washed a second time at 120,000 g for 2 hours
at 4 °C. The final pellet was then resuspended in 200 µL of filtered PBS and stored at -80 °C.

4.2.6 Characterisation of EVs

4.2.6.1

Collection of EV lysate for immunoblots

50 µL of PBS containing EVs were added to 100 µL of lysis buffer (Invitrogen, Cat. #:
FNN0011) containing 1X proteinase inhibitor (Roche, Cat. #: 05892970001). EVs solution
was incubated on ice for 30 mins, vortexing every 10 mins for 10 seconds followed by
sonication at 35 kHz for 10 seconds. After 30 minutes, the sample was centrifuged at
16,100 g at 4 °C for 10 minutes. The supernatant was transferred to a new tube and stored
at -20 °C until required.
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4.2.6.2

Collection of cell lysate for immunoblots

PC3RD and DU145RD cells were seeded at 3 x 106 cells /T175 flask. The following day the
medium was changed to 10% dFBS RPMI medium as in Section 4.2.6. After 2 days of
incubation, the medium was removed from the flask and the cells were lysed as per
Section 3.2.8.

4.2.6.3

Immunoblotting of EV-associated markers

Protein lysate, EV lysate and intact EVs’ protein content was quantified as per Section
3.2.5.2. Immunoblotting was performed as per Section 3.2.10. The following primary
antibodies were used: Flotillin-1 (Abcam Cat. # Ab133497), CD63 (Abcam Cat. # Ab68418),
Syntenin-1 (Abcam Cat. # Ab133267), Calnexin (Abcam Cat. # Ab133615), Actinin-4
(Abcam Cat. # Ab108198) and GRP94 (Abcam Cat. # Ab3674).

4.2.6.4

Flow Cytometry analysis of EVs markers

[Imaging flow cytometry (IFCM) of cell-derived EVs was performed by Postdoctoral
researcher Dr. Anindya Mukhopadhya]
EV surface antigens were exposed to antibodies diluted in 0.22 μm-filtered PBS with 2 %
dFBS supplemented with protease inhibitor and phosphatase inhibitor (IFCM buffer). The
antibodies used were anti-CD63 conjugated with FITC (1:150) (Biolegend, Cat. #: 353006),
CD9-PE (1:5000) (Biolegend, Cat. #: 312106), CD81-PE-Cy7 (1:150) (Biolegend, Cat. #:
349512) and ADAM10-APC (1:150) (Biolegend, Cat. #: 352706). The EVs were incubated
with the antibodies for 45 mins at room temperature in the dark and washed using a
300kDa filter (Nanosep, Cat. #: 516-8531), resuspended in 50 μl IFCM buffer and acquired
within 2 hrs on the ImageStream X MK II imaging flow cytometer (Amnis/Luminex, Seattle,
USA) at 60x magnification and low flow rate. EV-free IFCM buffer, unstained EVs, singlestained controls and fluorescence minus one (FMO) controls were run in parallel.
Fluorescence was within detection linear range in the following channels: FITC was
measured in channel 2 (B/YG_480-560 nm), PE in channel 3 (B/YG_560-595 nm), PE-Cy7
in channel 6 (B/YG_ 745-780 nm) and APC in channel 11 (R/V_642-745 nm). Brightfield in
channels 1 and 9 (B/YG_435-480 and R/V_560-595 nm filter, respectively) and side scatter
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channel (SSC) in channel 12 (R/V_745-780 nm filter). Data analysis performed using IDEAS
software v6.2 (Amnis/Luminex, Seattle, USA). EVs were gated as SCC-low vs fluorescence,
then as non-detectable brightfield (Fluorescence vs Raw Max Pixel Brightfield channel),
gated EVs were confirmed in IDEAS Image Gallery.

4.2.6.5

Nanoparticle tracking analysis (NTA)

[NTA analysis of cell-derived EVs was performed in the Laboratory for Biological
Characterisation of Advanced Materials (LBCAM), Trinity Translational Medicine Institute,
as a paid service]

Nanoparticle tracking analysis (NTA) was performed using the NTA NS500 system
(NanoSight, Nanosight, Amesbury, UK). Particle size distribution and concentration can be
estimated using NTA system which measures nanoparticles from 30 nm to 2000 nm. The
NTA system involves light scattering and Brownian motion to detect particles in a solution,
using a laser beam. When a nanoparticle floats in the field of the laser beam, the beam is
scattered and visualized at 20X magnification. Brownian motion of the particles is
captured at a speed of 30 frames/sec. Filtered PBS (0.45 μm filter, Pall Corporation, Cat.
#: 4654) was used as a negative buffer control for the EV samples. EVs samples were
diluted 1 to 25 in filtered PBS (0.45 μm filter, Pall Corporation, Cat. #: 65 ) and loaded
onto the NTA using a NanoSight syringe pump and five 60 seconds videos were taken. The
size and quantities of the particles were determined using the NTA software (NTA 3.1.5.4
software).

4.2.6.6

Transmission electron microscopy (TEM)

[TEM imaging of cell-derived EVs was performed in the Centre for Microscopy and Analysis in
Trinity College Dublin, with the help of Neal Leddy, Chief Technical Officer]

A 10µL sample of EV suspension was placed onto parafilm (Sigma-Aldrich; Cat. #: P7793).
A formvar carbon-coated nickel grid (Ted Pella Inc, Cat. #: 01813) was placed on the top
(coated-side facing the droplet) of the EV suspension droplet. The grid was incubated for
60min at room temperature, washed in 30 µL of PBS (x3 times) on parafilm for 5 min.
- 116 -

Absorbent paper was used to remove excess PBS from the washing steps. A droplet of
paraformaldehyde (2 %) was placed on parafilm and the grid was placed on top and fixed
for 10min. The PBS washing steps were repeated. The grid was then contrasted in 2 %
uranyl acetate (BDH, Cat. #: 230550) and all images were taken using the JEOL JEM-2100
transmission electron microscope at 120 kV.

4.2.7 EVs Functional assays
4.2.7.1

Proliferation Assay

In order to reach 70 % confuency, 22Rv1 were seeded at 3x103 cells/well, while DU145
Ag, PC3 Ag and PNT2 were seeded at 2x103 cells/well in a 96-well plate (well diameter:
6.4 mm) in 10 % FBS-containing RPMI media and allowed to attach overnight. The
following day, media was replaced with dFBS-containing RPMI media and the cells were
treated with increased doses (105, 106 and 107 for single washed EVs and 102, 103 and 104
for double washed EVs) of PC3RD- or DU145RD-derived EVs. 72 hrs post-treatment, an
acid phosphatase assay was performed to measure cell viability as previously reported in
Section 2.3.2.2.

4.2.7.2

Cytotoxicity Assay

In order to reach 100 % confluency, 22Rv1 were seeded at 3x103 cells/well, while DU145
Ag, PC3 Ag and PNT2 were seeded at 2x103 cells/well in a 96-well plate (well diameter:
6.4 mm) in 10 % FBS-containing RPMI media and allowed to attach overnight. The
following day media was replaced with dFBS-containing RPMI media and the cells were
treated with increased numbers (102, 103 and 104) of PC3RD or DU145RD derived EVs
together with increasing concentrations of docetaxel (0-2.5 nM). 5 days post-treatment,
an acid phosphatase assay (see Section 2.3.3.3) was performed to measure cell viability.

4.2.7.3

Migration Assay

In order to reach 100 % confluency, 22RV1 were seeded at 3x 105 cells/well, PNT2 cells
were seeded at 5x 104 while DU145 Ag and PC3 Ag cells were seeded at 1.5x 105 cells/well
in a 24-well plate (well diameter: 15.6 mm) in 10% FBS-containing RPMI medium and
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allowed to attach overnight. The following day, the wells were scratched with a p200
pipette tip down at the centre of the well. The cell culture media was removed from the
wells and they were washed twice with 500 µl of 1% dFBS-containing medium. Increasing
numbers (105-107 of single washed EVs and 104-106 of double washed EVs) of PC3RDderived EVs were added to the appropriate wells in 1% dFBS-containing medium. Images
were taken (×3 for each well) along the scratch with a 10X objective lens using the
Olympus IX81 inverted microscope just after treatment (0 hours) and after 24 and 48
hours. ImageJ was used to measure the wound closure as previously reported in Section
2.2.6.

4.3 Results

4.3.1 Establishing of EV release drug inhibitor concentration
In order to determine the appropriate concentration (i.e non-toxic) to be used for each
EV release drug inhibitor, cytotoxicity assays were performed to evaluate the cellular
viability on PC3RD and DU145RD with increasing drug concentrations as outlined in
Section 4.2.3.
Acid phosphatase assays were used to monitor cell viability after 2 and 5 days of
incubation: 2 days, as this is the incubation time used for EVs recovery, while 5 days
incubation was used to determine the overall cytotoxicity of the drugs. The graphs below
show the results obtained for each cell line. Specifically, Figures 4.2 and 4.3 represent
cytotoxicity assays performed on DU145RD, while Figures 4.4 and 4.5 represent
cytotoxicity assays performed on PC3RD. As presented, both cell lines showed similar
responses when treated with the same drug. Y27632 demonstrated no toxicity on either
cell line at either time points with the evaluated concentrations. On the other hand,
manumycin A and calpeptin proved to be cytotoxic at high concentrations with 20 %
viability recovered after 5 days incubation with 40 µM calpeptin or 2 µM manumycin A,
respectively. GW4869 proved to be toxic as well, although some of the toxicity observed
could be associated to the vehicle (DMSO) used.
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Figure 4.2: Cytotoxicity assay on DU145RD using GW4869, manumycin A and the combination of both
DU145RD were treated with increasing concentrations of (A) GW4869, (B) DMSO volume equivalent, (C)
manumycin A and (D) Combo 2 for 48 hours of incubation (in blue) and 5 days incubation (in pink). For both
drugs, DMSO was used as a vehicle. In the case of manumycin A, a volume of DMSO equivalent to the volume
of the highest concentration was used as a control. GW4869 is highly insoluble and the amount of DMSO
used to treat the cells was potentially toxic, hence the entire panel of DMSO volume equivalent was
screened. All graphs represent n=3 biological repeats as mean ± SEM.
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Figure 4.3: Cytotoxicity assay on DU145RD using calpeptin, Y27632 and the combination of both
DU145RD were treated with increasing concentrations of (A) calpeptin, (B) Y27632 and (C) Combo 1 for 48
hours of incubation (in red) and 5 days incubation (in green). For both drugs DMSO was used as a vehicle,
so a volume of DMSO equivalent to the volume of the highest concentration was used as control All graphs
represent n=3 biological repeats as mean ± SEM.
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Figure 4.4: Cytotoxicity assay on PC3RD using GW4869, manumycin A and the combination of both
PC3RD were treated with increasing concentrations of (A) GW4869, (B) DMSO volume equivalent, (C)
manumycin A and (D) Combo 2 for 48 hours of incubation (in blue) and 5 days incubation (in pink). For both
drugs, DMSO was used as a vehicle. In the case of manumycin A, a volume of DMSO equivalent to the volume
of the highest concentration was used as a control. GW4869 is highly insoluble and the amount of DMSO
used to treat the cells was potentially toxic, hence the entire panel of DMSO volume equivalent was
screened. All graphs represent n=3 biological repeats as mean ± SEM.
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Figure 4.5: Cytotoxicity assay on PC3RD using calpeptin, Y27632 and the combination of both
PC3RD were treated with increasing concentrations of (A) calpeptin, (B) Y27632 and (D) Combo 1 for 48
hours of incubation (in red) and 5 days incubation (in green). For both drugs DMSO was used as a vehicle,
so a volume of DMSO equivalent to the volume of the highest concentration was used as control All graphs
represent n=3 biological repeats as mean ± SEM.

The final concentrations to be used on docetaxel-resistant cell lines, in order to evaluate
drugs’ ability to inhibit EVs release are listed in Table 4.3.
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Inhibitors

Concentration

Calpeptin

15 µM

Y27632

5 µM

Combo 1

15 µM calpeptin + 5 µM Y27632

GW4869

20 µM

Manumycin A

750 nM

Combo 2

20 µM GW4869 + 750 nM Manumycin A
Table 4.3: Inhibitors concentrations used

4.3.2 Evaluation of cell viability upon EVs drug inhibitors incubation

4.3.2.1

Staurosporine concentration setting

Staurosporine, a well-established drug that induces cell death, was used as a control to
prove that the concentrations selected for each drug were not harmful to the cells. Figure
4.6 shows the cytotoxicity assay performed on docetaxel-resistant cells to determine the
concentrations in which low (10-20 %) and high (100 %) toxicity was observed. Low toxicity
was used in order to mimic the viability obtained using the selected concentrations of EV
release drug inhibitors. Table 4.4 shows the staurosporine concentrations used.
Cell line

Low toxicity [Staurosporine]

High toxicity [Staurosporine]

PC3RD

200 nM

100 µM

DU145RD 12.5 nM

10 µM

Table 4.4: Staurosporine concentrations used
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Figure 4.6: Cytotoxicity assay on PC3RD and DU145RD using Staurosporine
PC3RD (A) and DU145RD (B) were treated with increasing concentrations of Staurosporine in the pM and
nM scale. All graphs represent n=3 biological repeats as mean ± SEM.

4.3.2.2

Flow Cytometry

To make sure resistant cells treated with the selected concentration of EVs release drug
inhibitors were alive during the incubation period with the proposed inhibitors and any
reduction in EVs numbers was not simply due to the EVs-releasing cells to be death, flow
cytometry was performed looking for phosphatidylserine and free double-strand DNA.
Phosphatidylserine is present in the cells’ membrane outer leaflet only during apoptosis
and can be detected with Annexin V; free double-strand DNA fragments are present only
in the case of necrosis or during the late apoptotic stages and they can be detected by
propidium iodide, a fluorescence intercalating agent.
Both DU145RD and PC3RD cell lines showed more than 90 % viability (Table 4.5 and Table
4.6), respectively, following EVs release drug inhibitor treatments with almost no necrosis
registered. For apoptosis, PC3RD showed overall less than 1 % apoptosis although for
DU145RD the apoptosis registered was much higher with 5-7 % of all the events registered
being apoptotic. To mimic the viability recovered with the selected concentrations of EVs
release drug inhibitors, cells were alternatively treated with 200 nM and 12.5 nM
staurosporine for PC3RD and DU145RD, respectively. These staurosporine concentrations
were used as additional control and for both cell lines. Staurosporine proved to be more
toxic than our EVs inhibitors with evident higher apoptosis registered in DU145RD cells.
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Treatment

Viable Cells (%)

Necrotic Cells (%)

Apoptotic Cells (%)

Control

93.3 ± 0.6

0.4 ± 0.2

6.3 ± 0.4

Y27632

94.1 ± 1.1

0.3 ± 0.1

5.6 ± 1

Calpeptin

93.3 ± 1.2

0.3 ± 0.1

5.7 ± 1.7

Combo 1

92.7 ± 1.9

0.3 ± 0.1

7 ± 1.8

GW4869

92.1 ± 1.4

0.5 ± 0.2

7.3 ± 1.3

Manumycin A

94.5 ± 3.2

0.5 ± 0.2

7±3

Staurosporine

86.7 ± 5.6

0.3 ± 0.1

12.4 ± 6.5

Table 4.5: DU145RD viability, necrosis and apoptosis percentage
Percentage of viability, necrosis and apoptosis registered recording 10,000 events on DU145RD cell lines
following 2 days treatment with 12,5 nM staurosporine; 20 µM GW4869; 750 nM manumycin A; 15 µM
calpeptin; 5 µM Y27632; or Combo 1 (15 µM Calpeptin + 5 µM Y27632). All values represent n=3 biological
repeats as mean ± SD.

Treatment

Viable Cells (%)

Necrotic Cells (%)

Apoptotic Cells (%)

Control

98.4 ± 0.1

1.2 ± 0.2

0.4 ± 0.1

Y27632

98.5 ± 0.7

1.1 ± 0.6

0.3 ± 0.05

Calpeptin

98.3 ± 1

1.3 ± 0.8

0.8 ± 0.1

Combo 1

97.4 ± 0.8

1.6 ± 1

1 ± 0.7

GW4869

97.9 ± 0.3

1.2 ± 0.5

0.7 ± 0.1

Manumycin A

98.2 ± 0.2

1 ± 0.4

0.9 ± 0.5

Staurosporine

96.9 ± 0.7

1.5 ± 0.9

1.5 ± 0.4

Table 4.6: PC3RD viability, necrosis and apoptosis percentage
Percentage of viability, necrosis and apoptosis registered recording 10.000 events on PC3RD cell lines
following 2 days treatment with 200 nM staurosporine; 20 µM GW4869; 750 nM manumycin A; 15 µM
calpeptin; 5 µM Y27632; or Combo 1 (15 µM Calpeptin + 5 µM Y27632). All values represent n=3 biological
repeats as mean ± SD.

4.3.3 Characterisation of EVs inhibitors on resistant cells
To detrmine the inhibitors’ effects on docetaxel-resistant cells phenotypic characteristics,
we performed migration and invasion assays on DU145RD and PC3RD cells. The results
obtained are presented in Figure 4.7. GW4869 significantly reduced cell migrations with a
35 % reduced migration observed on DU145RD cells (p < 0.0001) and a 25% reduced
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migration observed on PC3RD cells (p = 0.0052). Similar results were observed with
invasion assay on DU145RD cells. GW4869 reduced cell invasion with a 20 % decreased
invasion observed (p = 0.039).
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Figure 4.7: Effect of EVs inhibitors on cells migration and invasion
PC3RD and DU145RD cells were treated with EVs inhibitors at the following concentrations 20 µM GW4869,
750 nM manumycin A, 15 µM calpeptin, 5 µM Y27632 and migration and invasion were monitored for 24
hours. A) DU145RD migration, B) PC3RD migration, C) DU145RD invasion. PC3RD control cells did not invade
through ECM-coated transwell and so were not included. Graphs represent n=3 biological repeats as mean
± SEM. One-way ANOVA was used to compare different treatments to the control: *P < 0.04, **P < 0.005
and ****P < 0.0001.

Overall GW4869 significantly decreased migration of PC3RD and DU145RD cells, as well
as invasion by DU145RD cells. No other inhibitors showed a significant effect.

4.3.4 Single Wash derived EVs characterisation
The experiments below were perfomed during the validation of the EVs separation
protocol as per Chapter 3. We initially thought that with a single wash we could recover
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clean EVs and thus we could separate EVs suitable for the evaluation of the inhibitors’
effects. As new developments on EVs purity were reported by the EVs community we
understood the need of washing EVs twice. Results deriving from the double washed EVs
are reported in Sections 4.3.6 and 4.3.7.

4.3.4.1

h r t r s t o of th

h b tors’ ff ts o EVs r

s v NT

We subsequently analysed the resultant EVs derived from PC3RD cells. We focused our
attention on PC3RD-derived EVs. The intention was to start the DU145RD-derived EVs
analysis once over with PC3RD-derived EVs. We then recognised the need for a double
wash thus DU145RD-derived EVs were directly double washed.
In Figure 4.8, the results obtained from the NTA analysis are presented. We could not
observe any difference in the diameter of the vesicle that overall remained stable with an
average particle size of 175 nm and we did not observe differences in the particle counts.

Figure 4.8: NTA characterisation on single washed EVs pellets derived from PC3RD cells
NTA analysis determined the (A) concentration (number of vesicles released by 1x106 cells) of the isolated
vesicles under control conditions and after EVs inhibitor treatments and (B) particle diameter (nm). Graphs
represent n=5 biological repeats on PC3RD cells derived EVs as mean ± SEM.

4.3.4.2

Characterisation of recovered EVs via TEM

Inspection of EVs revealed their integrity. Representative TEM pictures of control EVs, and
calpeptin, Y27632 and GW4869 treatment derived EVs are shown in Figure 4.9. For control
vesicles, we observed both the presence of small (approximate average 50 nm) and
medium EVs (approximate average size higher or equal to 100 nm) with a representative
size lower than 100 nm. Similar dimensions and distributions can be seen when vesicles
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were recovered following calpeptin and Y27632 treatment. On the other hand, following
GW4869 we observed a reduction of small vesicles and an increased presence of bigger
vesicles with a representative size larger than 100 nm.

Figure 4.9: TEM images of PC3RD-derived EVs
Representative transmission electron microscope (TEM) images of control EVs, calpeptin derived EVs,
Y27632 derived EVs and GW4869 derived EVs. Raw 1 and 3 are zoom out (20000x) and row 2 and 4 are
zoom in (30000x) of the same spot. Scale bar = 100 nm.

4.3.4.3

Evaluation of EVs markers by immunoblotting

As none of the proposed inhibitors significantly reduced EVs release, as evaluated by
particle count, then it was appropriate to use a fixed quantity of protein for immunoblots.
To evaluate EVs markers present on the different EVs recovered, immunoblotting was
performed and results presented in Figure 4.10. EVs were positive for all the markers
used, proving the presence of both medium/big and small EVs as indicated by the
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presence of actinin-4 and GRP94 mainly associated with medium/large vesicles and
Flotillin and Syntenin-1 mainly associated with smaller vesicles.
Interestingly, when GW4869 was used, the EVs recovered give rise to a stronger signal for
flotillin, GRP94 and syntenin-1. On the other hand, when Combo 2 derived-EVs were
analysed, we observed a stronger signal for CD63 and flotillin compared to untreated
control and compared to the EVs recovered following manumycin A and GW4869 alone.

Figure 4.10: PC3RD-derived EVs immunoblotting.
5 protein markers were evaluated: Flotillin and Syntenin-1, the intravesicular proteins associated with small
vesicles; actinin-4, an intravesicular protein associated with big vesicles; CD63 a transmembrane protein
used as general EVs marker; and GRP94, a transmembrane protein associated with bigger EVs. A
representative blot is presented here. WCL = whole cell lysate, Combo 1 = calpeptin + Y27632 and Combo 2
= GW4869 + Manumycin A.

4.3.4.4

Evaluation of EVs markers through flow cytometry

Given that NTA is unreliable for evaluating EVs per se, to ensure that none of the proposed
inhibitors were affecting EVs release , we then turned to flow cytometry.
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In order to better estimate the effect of the inhibitors on EVs release and the markers
expressed on these vesicles, flow cytometry analysis was performed using markers CD9,
CD63, CD81 and ADAM 10. Results are presented in Figure 4.11.
In all cases, we observed an increased release of CD9 (p = 0.0084), CD63 (p = 0.011), CD81
(p = 0.026) and ADAM 10 (p = 0.0074) positive particles under GW4869 treatment
compared to control EVs. This effect was partially reverted when this drug was used in
combination with manumycin A, as shown with Combo 2. We did not observe any
significant effect on EVs release and markers expression using other inhibitors.
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Figure 4.11: Evaluation of PC3RD-derived EVs markers with flow cytometry
Flow cytometry analysis performed to determine the positive particles for A) CD9, B) CD63, C) CD81 and D)
ADAM 10 contained in 1 mL of suspension. Graphs represent n=5 biological repeats on PC3RD cells derived
EVs as mean ± SEM. One-way ANOVA was used to compare control derived EVs with the vesicles recovered
upon different treatments. *P < 0.05 and ** P < 0.01.

- 128 -

4.3.5 Single Wash derived EVs function assay
4.3.5.1

Proliferation assay

The effect of PC3RD-derived vesicles was evaluated on 22Rv1 and DU145 Ag receiving
cells. Figure 4.12 shows the results using 3 EVs doses: 105, 106 and 107 EVs. An equal
volume of 0.2 µm filtered PBS was used as control.
On 22Rv1 cells, PBS increased cell proliferation compared to non-treated control (Figure
4.12 D, no treatment vs PBS p = 0.069), while vesicles effect was variable according to the
dose and inhibitor used. Particularly, at low dose, EVs derived from Y27632 treatment
proved to inhibit DU145 Ag cells proliferation (no treatment vs Y27632 p = 0.035) (Figure
4.12 A). On 22Rv1 cells, all vesicles reduced the proliferative effect observed using equal
volume of PBS with significant results observed using 105 vesicles (Figure 4.12 D, PBS vs
Control p = 0.026; PBS vs Calpeptin p = 0.015; PBS vs Y27632 p = 0.002; PBS vs Combo 1 p
= 0.0054; PBS vs Manumycin A p = 0.001 and PBS vs GW4869 p = 0.042). 106 EVs derived
from Y27632 treatment proved to halve the proliferation effect observed with PBS (p =
0.0027) and this effect was reverted when Y27632 was coupled with calpeptin in Combo
1 and subsequent isolated EVs were used (Y27632 vs Combo 1 p = 0.042). Similar results
were obtained increasing EVs dose to 107 with Y27632 treatment derived EVs decreasing
22Rv1 proliferation compared to the PBS control (p = 0.028) and Combo 1 derived EVs
having no effect on proliferation (Y27632 vs Combo 1 p = 0.082).
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Figure 4.12: Proliferation assay
DU145 Ag (upper panel) and 22Rv1 (lower panel) cells were treated with increasing doses of PC3RD-derived
EVs recovered under control conditions and upon inhibitors treatments and cell viability was assessed after
72 hours incubation. A) DU145 Ag using 105 EVs, B) DU145 Ag using 106 EVs, C) DU145 Ag using 107 EVs, D)
22Rv1 using 105 EVs, E) 22Rv1 using 106 EVs and F) 22Rv1 using 107 EVs. Graphs represent n=3 biological
repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the control: *P <
0.05, **P < 0.006 and ***P < 0.001.

4.3.5.2

Migration (wound-healing) assay

Vesicles effect was evaluated via migration assay as well. Figure 4.13 and Figure 4.14 show
the results obtained on 22Rv1 and DU145 Ag cells using increasing amounts of EVs. As for
the proliferation assay, an equivalent volume of 0.2 µm filtered PBS was used as an
additional control.
On 22Rv1 cells both after 24 and 48 hours, we observed a decreased migration compared
to non-treated and PBS treated cells when all vesicles were used, including control derived
EVs. At low dose, we observed a 30% reduced migration when Y27632 derived EVs were
used (p = 0.012) and a 25% reduced migration when manumycin A derived EVs were used
(p = 0.034) after 48 hours incubation. Increasing vesicles dose, we observed a significant
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reduction of 22Rv1 migration after 24 hours incubation with control derived EVs (p =
0.0037), calpeptin derived EVs (p = 0.01), Combo 1 derived EVs (p = 0.0044) and
manumycin A derived EVs (p = 0.033), while after 48 hours incubation we observed a
reduced migration with calpeptin derived EVs (p = 0.023), combo 1 derived EVs (p =
0.0094) and GW4869 derived EVs (p = 0.018).
On DU145 Ag cells, using low EVs dose (Figure 4.14 A) we observed a reduced migration
after 24 hours incubation. Particularly we observed a 30 % reduced migration when
GW4869 derived EVs were used (no treatment vs GW4869 p = 0.0007; PBS vs GW4869 p
< 0.0001 and control vs GW4869 p = 0.001). Additionally, we observed a slightly reduced
migration when calpeptin derived EVs and Combo 1 derived EVs were used compared to
PBS (respectively p = 0.04 and p = 0.0037). When EVs dose was increased (Figure 4.14 C),
we observed a reduced migration compared to PBS when control derived EVs (p = 0.027),
combo 1 derived EVs (p = 0.033) and manumycin A derived EVs (p = 0.015) were used,
however the highest effect on migration reduction was observed when GW4869 derived
EVs were used ( no treatment vs GW4869 p = 0.0003; PBS vs GW4869 p < 0.0001 and
control vs GW4869 p = 0.0011).
After 48 hours incubation, only GW4869 derived EVs showed to have an effect on DU145
Ag migration with a 30 % decreased migration observed at low dose (Figure 4.14 D, no
treatment vs GW4869 p = 0.047) and a 45 % decreased migration observed at high doses
(Figure 4.14 F, no treatment vs GW4869 p = 0.0036; PBS vs GW4869 p = 0.0009 and control
vs GW4869 p = 0.0022).
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Figure 4.13: Migration assay on 22Rv1 cells
22Rv1 cells were treated with increasing doses of PC3RD-derived EVs recovered under control conditions
and upon inhibitors treatments. Cell migration was monitored for 24 (upper panel) and 48 (lower panel)
hours. A) 24 hours incubation with 105 EVs, B) 24 hours incubation with 106 EVs, C) 24 hours incubation with
107 EVs, D) 48 hours with 105 EVs, E) 48 hours with 106 EVs and F) 48 hours with 107 EVs. Graphs represent
n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the
control: *P < 0.04 and **P < 0.01.
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Figure 4.14: Migration assay on DU145 Ag cells
DU145 Ag cells were treated with increasing doses of PC3RD-derived EVs recovered under control
conditions and upon inhibitors treatments and cell migration was monitored for 24 (upper panel) and 48
(lower panel) hours. A) 24 hours incubation with 105 EVs, B) 24 hours incubation with 106 EVs, C) 24 hours
incubation with 107 EVs, D) 48 hours with 105 EVs, E) 48 hours with 106 EVs and F) 48 hours with 107 EVs.
Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different
treatments to the control: *P < 0.04, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

4.3.6 Double washed EVs characterisation
4.3.6.1

h r t r s t o of th

h b tors’ ff ts o EVs r

s v NT

NTA analysis, reported in Figure 4.15, showed how inhibitors affected EVs release. On
PC3RD-derived EVs, we observed an increased total vesicles release upon Y27632 (p =
0.0082), manumycin A (p = 0.01), GW4869 (p < 0.0001) and Combo 2 (p = 0.02). When
Y27632 was coupled with calpeptin, the latter significantly decreased the effect observed
using Y27632 alone (Y27632 vs combo 1, p = 0.0048). Similar effects were observed when
GW4869 was coupled with manumycin A (GW4869 vs combo 2, p = 0,0052). Looking in
detail at what specific sub-populations we were recovering, we subsequently analysed the
particles with a dimension equal to or lower than 150 nm.
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For calpeptin (p = 0.015), combo 1 (p = 0.019), GW4869 (p = 0.029) and combo 2 (p =
0.034) treatment we observed a decreased release of small particles while for Y27632 (p
< 0.0001) and manumycin A (p = 0.0002) treatment we observed an increased release of
small vesicles. These effects on small particles release were abrogated when Y27632 was
coupled with calpeptin (Y27632 vs combo 1, p < 0.0001) and when manumycin A was
coupled with GW4869 (manumycin A vs combo 2, p < 0.0001).
On DU145RD-derived EVs, although we could not observe any difference in the total
particle counts, we detected a change in the type of particle released, looking at particles
with a diameter equal to or below 150 nm. Particularly, we observed the abrogation of
small vesicles release upon calpeptin (p = 0.0019), combo 1 (p = 0.013), GW4869 (p =
0.0038) and combo 2 (p = 0.0035). Upon Y27632 and manumycin A treatments we were
still able to recover small vesicles, however, when Manumycin A was cuppled with
GW4869 in combo 2 we still observed a significant reduction of small EVs (p = 0.0051).
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Figure 4.15: NTA analysis of PC3RD- and DU145RD-derived EVs
NTA analysis showing A) Total PC3RD-derived particle counts, B) Small PC3RD-derived particle counts, C)
Total DU145RD-derived particle counts, D) Small DU145RD-derived particle counts. Graphs represent n=3
biological repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the
control: *P < 0.05, **P < 0.01, ***P < 0.0002 and ****P < 0.0001.

4.3.6.2

Characterisation of recovered EVs via TEM

TEM images of DU145RD-derived EVs (Figure 4.16) showed a control population
characterised by both medium and small EVs. Upon Y27632 and to a lesser extent with
manumycin A treatments images showed a representative population characterised
mainly by small EVs with medium EVs underrepresented compared to control EVs. On the
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contrary, upon GW4869, combo 1 and combo 2 treatments we observed a decreased
presence of small EVs with images showing a representative population characterised
mainly by medium vesicles.
Similar results were obtained imagine PC3RD-derived EVs (Figure 4.17).

Figure 4.16: TEM images of DU145RD-derived EVs
Representative transmission electron microscope (TEM) images of DU145RD-derived EVs separated under
control or treatment conditions. All pictures are zoom out (15000x) and zoom in (30000x) of the same
spot. Scale bar = 500 and 100 nm.
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Figure 4.17: TEM images of PC3RD-derived EVs
Representative transmission electron microscope (TEM) images of PC3RD-derived EVs separated under
control or treatment conditions. All pictures are zoom in taken at 30000x. Scale bar = 100 nm.

4.3.6.3

h r t r s t o of th

h b tors’ ff t o EVs r

s v

rot

quantification and evaluation of EVs markers by immunoblotting

Total protein quantification of DU145RD-derived EVs (Figure 4.18 A) shows an increased
EVs associated protein content when cells were treated with manumycin A (p = 0.0011).
This effect was maintained when manumycin A was coupled with GW4869 in Combo 2 (p
= 0.0007) although the latter proved to not affect EVs protein content (Combo 2 vs
GW4869 p <0.0001). We observed an increased expression of CD63 and Syntenin-1
compared to control when Y27632 and Manumycin A were used (Figure 4.18 C) and a
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decreased expression of CD63 and syntenin-1 when GW4869 and combo 2 were used.
The absence of calnexin proved the purity of the EVs pellet recovered.
On the other hand, on PC3RD-derived EVs (Figure 4.18 B) treatment with manumycin A
slightly increased the protein content (p = 0.036) while GW4869 treatment tripled the EVs
protein content compared to control vesicles (p < 0.0001). The combination of these two
drugs resulted in an overall increased protein content (control vs Combo 2 p = 0.01) that
was significantly lower than the protein content recovered using GW4869 alone (GW4869
vs Combo 2, p = 0.0062). Looking at the immunoblots (Figure 4.18 D) we observed an
increased expression of CD63 and Syntenin-1 upon GW4869 and Combo 2 treatments.
The absence of calnexin proved the purity of the EVs pellet recovered.

Figure 4.18: Total protein quantification and immunoblotting of PC3RD- and DU145RD-derived EVs.
BCA analysis of A) DU145RD-derived EVs separated from control and treatment conditions and B) PC3RDderived EVs separated from control and treatment conditions. Immunoblotting analysis of C) DU145RDderived EVs separated from control and treatment conditions and D) PC3RD-derived EVs separated from
control and treatment conditions Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA
was used to compare different treatments to the control: *P < 0.04, **P < 0.007, ***P < 0.0008 and ****P
< 0.0001.

- 138 -

4.3.7 Functional assay with double washed EVs
To take into consideration the effect on EVs release deriving from the use of the inhibitors,
functional assays were performed using an equal volume of vesicles. For both
proliferation and cytotoxicity assay, vesicles were diluted 1 in 100 in dFBS media and
subsequently 0.1, 1 and 10 µL of vesicles suspension were used to treat the cells as dose
1, dose 2 and dose 3. Table 4.7 and Table 4.8 show the EVs counts used for these
treatments.
Toxicity assay summarised in Table 4.7 showed no significant effect of PC3RD-derived EVs
on receiving cell lines. For this reason, we decided not to proceed further with DU145RDderived EVs.

Table 4.7: cytotoxicity assay on receiving cell lines using PC3RD-derived EVs
EVs were used at three doses as shown in section 4.3.7 and IC50 was calculated for every EVs concentration
once data from the biological triplicates were collected. First row shows the results obtained with dose 1,
second row with dose 2 and third row with dose 3.
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EVs

Dose 1

Dose 2

Dose 3

Control

1.99 x 102

1.99 x 103

1.99 x 104

Calpeptin

3.79 x 102

3.79 x 103

3.79 x 104

Y27632

2.19 x 102

2.19 x 103

2.19 x 104

Combo 1

2.03 x 102

2.03 x 103

2.03 x 104

Manumycin A

1.78 x 102

1.78 x 103

1.78 x 104

GW4869

6.68 x 102

6.68 x 103

6.68 x 104

Combo 2

1.02 x 103

1.02 x 104

1.02 x 105

Tabl4 4.8: PC3RD-derived EVs counts used for proliferation and cytotoxicity assay

EVs

Dose 1

Dose 2

Dose 3

Control

5.31 x 102

5.31 x 103

5.31 x 104

Calpeptin

9.04 x 102

9.04 x 103

9.04 x 104

Y27632

4.83 x 102

4.83 x 103

4.83 x 104

Manumycin A

5.43 x 102

5.43 x 103

5.43 x 104

GW4869

9.35 x 102

9.35 x 103

9.35 x 104

Table 4.9: DU145RD-derived EVs counts used for proliferation assay

For DU145RD-derived EVs precedence in the isolations was given to control, calpeptin,
Y27632, manumycin A and GW4869 treatment. Combo 1 and Combo 2 were not isolated
for functional assay due to time and resources restriction over the pandemic.
We further evaluated PC3RD-derived EVs recovered from Y27632 and manumycin A
treatments on PNT2 and DU145Ag cells using migration assay. We selected manumycin A
as a representative drug for MVB-derived EVs inhibition considering that EVs isolated
upon this treatment showed to be efficient in inhibiting cellular proliferation and
considering that GW4869 co-precipitate with the vesicles under exam and it already
proved to reduce cells migration by itself (see Section 4.3.3), thus results would have been
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biased by its presence. On the other side, we selected Y27632 because as drug acts on an
earlier stage of the EVs production pathway respect to calpeptin.
EVs were used at 4 doses and as done for proliferation and cytotoxicity assay cells were
treated with increasing volumes of EVs to take into consideration the effect of the drugs
on EVs release.
Table 4.10. shows the EVs counts used for these treatments.

Tr t

ts

Control

PNT

s

DU1 5 g

Dose 1

1.99 x 1

Dose 1

9.95 x 1

Dose

1.99 x 1

5

Dose

9.95 x 1

5

Dose 3

. 9x1

5

Dose

.98 x 1

Dose 3
Dose
Y 763

Manumycin A

.98 x 1
9.95 x 1

Dose 1

.19 x 1

Dose

.19 x 1

Dose 3

5. 8 x 1

Dose

1.1 x 1

Dose 1

1.78 x 1

Dose

1.78 x 1

Dose 3
Dose

.

x1

8.89 x 1

s

Dose 1

1.1 x 1

5

Dose

1.1 x 1

5

Dose 3

6

.7 x 1

Dose

5. 8 x 1

Dose 1

8.89 x 1

5

Dose

8.89 x 1

5

Dose 3

.

x1

5

Dose

.

x1

5

6

6

5

6

6

6

5

6

6

Table 4.10: PC3RD-derived EVs counts used for migration assay

4.3.7.1

Proliferation assay

EVs still shed following individual and combinatorial treatments were recovered and
functionally tested on receiving cell lines with proliferation and cytotoxicity assay. Figure
4.19 and Figure 4.20 show the results obtained using PC3RD-derived EVs on 22Rv1, PNT2,
PC3 Ag and DU145 Ag receiving cells.
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On 22Rv1, PC3RD-derived EVs affected cell proliferation independently from what
subpopulation of EVs was used. With the lowest dose (Figure 4.19, A) we saw a significant
decrease in cell proliferation when calpeptin and Combo 1 derived EVs were used
compared to vehicle control and compared to non-treated control (PBS vs calpeptin, p =
0.0095, PBS vs Combo 1, p = 0.0021, no treatment vs calpeptin, p = 0.027 and no treatment
vs Combo 1 p = 0.0058). A completely different effect was observed using EVs deriving
from GW4869 treatment that instead significantly promoted cell proliferation compared
to control EVs (p = 0.023). Increasing vesicles concentration by 10 times (Figure 4.19, B)
we observed similar results. Compared to the non-treated control, both combo 1 and
manumycin A derived EVs significantly decreased 22Rv1 proliferation (respectively p =
0.004 and p = 0.0023) while GW4869 increased cell proliferation compared to control EVs
(p = 0.021). At the highest concentrations (Figure 4.19, C) all EVs including control EVs
decreased 22Rv1 proliferation compared to non-treated control (No treatment vs control,
p = 0.008, no treatment vs calpeptin p = 0,038, no treatment vs Combo 1, p = 0.021 and
no treatment vs manumycin A p = 0.01). Combo 2 derived EVs proved to increased cell
proliferation compared to control EVs (p = 0.0037).
On PNT2 and DU145 Ag cells, we did not observe any significant difference in cell
proliferation using EVs deriving from any treatment and at all concentrations (Figure 4.19
D, E and F and Figure 4.20 A, B and C).
On PC3 Ag, although at lower concentration we did not see any significant effect (Figure
4.20, D), increasing EVs dose led to an increase in cellular proliferation. Particularly, with
dose 2 (Figure 4.20, E) Y27632 (p = 0.025) and manumycin A (p = 0.044) promoted PC3 Ag
growth compared to non-treated control. At the highest concentration (Figure 4.20, F), all
vesicles promoted cell proliferation compared to non-treated control (no treatment vs
control, p = 0.013, no treatment vs calpeptin p = 0.043, no treatment vs Y27632 p = 0.0027,
no treatment vs manumycin A p = 0.0008, no treatment vs GW4869 p = 0.047 and no
treatment vs Combo 2 p = 0.0095).
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Figure 4.19: Proliferation assay on 22Rv1 and PNT2 cells with PC3RD-derived EVs.
A) 22Rv1 cells with EVs dose 1, B) 22Rv1 cells with EVs dose 2, C) 22Rv1 cells with EVs dose 3, D) PNT2 cells
with EVs dose 1, E) PNT2 cells with EVs dose 2 and F) PNT2 cells with EVs dose 3. Graphs represent n=3
biological repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the
control: *P < 0.04 and **P < 0.009.
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Figure 4.20: Proliferation assay on DU145 Ag and PC3 Ag cells with PC3RD-derived EVs.
A) DU145 Ag cells with EVs dose 1, B) DU145 Ag cells with EVs dose 2, C) DU145 Ag cells with EVs dose 3, D)
PC3 Ag cells with EVs dose 1, E) PC3 Ag cells with EVs dose 2 and F) PC3 Ag cells with EVs dose 3. Graphs
represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different
treatments to the control: *P < 0.04, **P < 0.009 and ***P = 0.0008.

Figure 4.21 and Figure 4.22 present an evaluation of the effect of the different DU145RDderived EVs on receiving cells. As for PC3RD-derived EVs, we could not observe any
significant effect of DU145RD-derived EVs on PNT2 cells (Figure 4.21 D, E and F) although
a slight reduction of cell proliferation was observed with the highest concentration.
On 22Rv1 cells, using the highest EVs dose (Figure 4.21 C) we observed a 50% increased
proliferation when GW4869 derived EVs were used compared to non-treated control (p =
0.0004) and compared to vehicle control (p = 0.0009). On the other side, we observed a
decreased proliferation upon treatment with EVs deriving from calpeptin (p = 0.0024) and
Y27632 (p = 0.04) treatment compared to control EVs.
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Figure 4.21: Proliferation assay on 22Rv1 and PNT2 cells with DU145RD-derived EVs.
A) 22Rv1 cells with EVs dose 1, B) 22Rv1 cells with EVs dose 2, C) 22Rv1 cells with EVs dose 3, D) PNT2 cells
with EVs dose 1, E) PNT2 cells with EVs dose 2 and F) PNT2 cells with EVs dose 3. Graphs represent n=3
biological repeats as mean ± SEM. One-way ANOVA was used to compare different treatments to the
control: *P < 0.04, **P < 0.003 and ***P <0.0009.

On PC3 Ag, DU145RD-derived EVs decreased cell proliferation. With dose 2 (Figure 4.22
B) we observed a significant reduction of PC3 Ag proliferation using Y27632 derived EVs
(p = 0.027) compared to non-treated control, while compared to vehicle-treated control
we observed a significant decrease in cell proliferation when EVs deriving from Y27632 (p
= 0.0032), calpeptin (p = 0.013) and GW4869 (p = 0.021) treatments were used. Further
increase in the EVs concentration used (Figure 4.22 C) confirmed the results. In fact, we
observed a decreased proliferation compared to non-treated control when Y27632
treatment derived EVs were used (p = 0.05), while we observed a decreased proliferation
compared to vehicle-treated control upon treatment with Y27632 (p = 0.0053) and
manumycin A (p = 0.014) derived EVs. Interestingly, at high dose, control EVs slightly
increased PC3 Ag proliferation and the use of Y27632 and manumycin A on DU145RD cells
and thus the subsequent change in the EVs subpopulations recovered led to a significant
reduction in the EVs effect compared to control vesicles (control vs Y27632 p = 0.003 and
control vs manumycin A p = 0.008).
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On DU145 Ag cells, DU145RD-derived EVs showed an effect only when used at a high dose
(Figure 4.22 F). Particularly, we observed a decreased cell proliferation when calpeptin (p
= 0.013) and manumycin A (p = 0.018) treatments derived EVs were used compared to
non-treated control and compared to control EVs (respectively, p = 0.01 and p = 0.015).
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Figure 4.22: Proliferation assay on PC3 Ag and DU145 Ag cells with DU145RD-derived EVs.
A) DU145 Ag cells with EVs dose 1, B) DU145 Ag cells with EVs dose 2, C) DU145 Ag cells with EVs dose 3, D)
PC3 Ag cells with EVs dose 1, E) PC3 Ag cells with EVs dose 2 and F) PC3 Ag cells with EVs dose 3. Graphs
represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different
treatments to the control: *P < 0.04 and **P < 0.009.

4.3.7.2

Migration Assay

On DU145 Ag cells (Figure 4.23), control EVs slightly increased cellular migration
compared to non-treated control, while Y27632 and manumycin A treatments derived EVs
slightly decreased cellular migration compared to non-treated controls and compared to
control EVs. At the highest concentration the reduced migration observed upon Y27632
and manumycin A derived EVs treatment compared to control EVs (Figure 4.23 E and F,
dose 4) resulted statistically significant (control vs manumycin A p = 0.02 and control vs
Y27632 p = 0.021).
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Figure 4.23: Migration assay on DU145 Ag cells with PC3RD-derived EVs after 48 hours incubation
A) No Treatment vs vehicle control, B) No treatment vs control EVs, C) No treatment vs Y27632 treatment
derived EVs, D) No treatment vs manumycin A derived EVs, E) Control EVs vs Y27632 treatment derived EVs
and F) Control EVs vs manumycin A treatment derived EVs. Graphs represent n=3 biological repeats as mean
± SEM. One-way ANOVA was used to compare different treatments to the controls: *P < 0.03.
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Figure 4.24: Migration assay on PNT2 cells with PC3RD-derived EVs after 48 hours incubation
A) No Treatment vs vehicle control, B) No treatment vs control EVs, C) No treatment vs Y27632 treatment
derived EVs, D) No treatment vs manumycin A derived EVs, E) Control EVs vs Y27632 treatment derived EVs
and F) Control EVs vs manumycin A treatment derived EVs. Graphs represent n=3 biological repeats as mean
± SEM. One-way ANOVA was used to compare different treatments to the controls: *P = 0.02 and **P <
0.003.

On PNT2 cells (Figure 4.24) we observed similar results compared to those obtained with
DU145 Ag cells. We observed a slight promotion of cellular migration upon control EVs
treatment and a reduction of cellular migration upon Y27632 and manumycin A derived
EVs treatments compared to the non-treated control. As for DU145 Ag cells, Y27632 and
manumycin A derived EVs inhibited cellular migration compared to control EFVs at all
concentrations however, this inhibition became statistically significant when the highest
EVs doses were used (Figure 4.24 E and F, dose 4: control vs Y27632 p = 0.02 and control
vs manumycin A p = 0.003).
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4.4 Discussion
When working with pharmaceutical agents, especially in the context of understanding
their biological action and their effect on cells, the choice of the right concentration to be
used is of primary importance. In our study, which was specifically aimed at investigating
the ability of four potential inhibitors of EVs biogenesis/release, it was fundamental not
to affect cell viability as when cells are under pharmacological stress, they release
different vesicles from the resting cells and this could have biased our results. A series of
toxicity assays were, thus, performed to select the most appropriate concentration for
the cell lines under study. These assays were done at two-time points: 48 hours since it
was the time selected for EVs collection and 5 days in order to overall check the drug
toxicity on the cells in the longer term. Once EVs inhibitors concentrations were selected,
their effect on cell vibility were further checked using an apoptosis assay with flow
cytometry. Annexin V/PE staining confirmed the non-toxicity of the concentration under
evaluation i.e. with both cell lines (PC3RD and DU145RD), independently from the
inhibitors received, we showed viability higher than 90 % Staurosporine always inducing
a higher cell death compared to EVs inhibitors.
We thus characterised the effect of these inhibitors at non-toxic concentrations on cell
migration and invasion. On both PC3RD and DU145RD cells, GW4869 significantly
decreased cell migration (p = 0.0052 and p < 0.0001, respectively). Regarding invasion,
although PC3RD do not invade, with DU145RD cells we observed a reduced invasion with
GW4869 (p = 0.039) and manumycin A (p = 0.085). As per our knowledge, this is the first
time it is proven that GW4869 can reduce both cellular migration and invasion. Huang et
al.418 reported that “exosomes” derived from T 9 and CT117 cells previously treated
with GW4869 reduced wound healing and invasion. However, GW4869 is relatively
insoluble and thus tends to co-precipitate with EVs during EVs isolation. In that paper,
they used a 10,000 g step only, with no washing. Thus the effects they observed could
well be due to GW4869 presence and not exclusively on exosomes; given that they did
not separate exosomes from much of the other secretome content. Similarly, Gong et
al.420 conducted some co-culture experiments in which, once GW4869 was added, they
observed a decrease in microvascular formation ability of endothelial cells that was
associated with a decrease in EVs release without considering any possible direct
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involvement of GW4869 on endothelial cells. Additionally, Wu et al.422 showed that the
addition of GW4869 to CM attenuated foetal human cells migration compared to control
CM, although the effect of GW4869 alone was not tested/reported.
Once the effect of the EVs inhibitors on DU145RD and PC3RD cells was fully characterised,
we progressed to isolate and characterise PC3RD-derived EVs subjected to single wash
(significant results are summarised below in Table 4.11).

Assay

PC3RD-derived EVs results

Flow Cytometry

CD9

Ctrl vs GW4869
p = 0.0084

CD63

Ctrl vs GW4869
p = 0.011

CD81

Ctrl vs GW4869
p = 0.026

ADAM 10

Ctrl vs GW4869
p = 0.0074

Proliferation Assay on DU145 Ag cells

Dose 1

No treatment vs Y27632
p = 0.035

Proliferation Assay on 22Rv1 cells

Dose 2

----------

Dose 3

----------

Dose 1

PBS vs Control
p = 0.026
PBS vs Calpeptin
p = 0.015
PBS vs Y27632
p = 0.002
PBS vs Combo 1
p = 0.0054
PBS vs Manumycin A
p = 0.001
PBS vs GW4869
p = 0.042

Dose 2

PBS vs Y27632
p = 0.0027
Y27632 vs Combo 1
p = 0.042
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Dose 3

PBS vs Y27632
p = 0.008

Migration Assay on DU145 Ag 24 hours

Dose 1

No treatment vs GW4869
p = 0.0007
PBS vs Calpeptin
p = 0.04
PBS vs Combo 1
p = 0.0037
PBS vs GW4869
p < 0.0001
Control vs GW4869
p = 0.001
Y27632 vs Combo 1
p = 0.01

Dose 2

----------

Dose 3

No treatment vs GW4869
p = 0.0003
PBS vs Control
p = 0.027
PBS vs Combo 1
p = 0.033
PBS vs Manumycin A
p = 0.015
PBS vs GW4869
p < 0.0001
Control vs GW4869
p = 0.0011

Migration Assay on DU145 Ag 48 hours

Dose 1

No treatment vs GW4869
p = 0.047

Dose 2

----------

Dose 3

No treatment vs GW4869
p = 0.0036
PBS vs GW4869
p = 0.0009
Control vs GW4869
p = 0.0022

Migration Assay on 22Rv1 24 hours

Dose 1
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----------

Dose 2

----------

Dose 3

No treatment vs Control
p = 0.0037
No treatment vs Calpeptin
p = 0.01
No treatment vs Combo 1
p = 0.0044
No

treatment

vs

Manumycin A
p = 0.033
Migration Assay on 22Rv1 48 hours

Dose 1

No treatment vs Y27632
p = 0.013
No

treatment

vs

Manumycin A
p = 0.035
Dose 2

----------

Dose 3

No treatment vs Calpeptin
p = 0.023
No treatment vs Combo 1
p = 0.0094
No treatment vs GW4869
p = 0.018

Table 4.11: List of significant results obtained from the use of single washed PC3RD-derived EVs.
---------- used to indicate non-significant results.

We focused our attention on PC3RD-derived EVs for logistic reason as 2 cell lines treated
under multiple conditions and using high numbers of cells would have been unfeasible.
Although with NTA we did not observe any difference in particle dimension, we did
observe a change in particle concentration. Surprisingly we observed a significant increase
in vesicles production following GW4869 treatment (p = 0.04) and this effect was reverted
when GW4869 was coupled with manumycin A in combo 2 (p = 0.0073). With TEM we
observed for control, calpeptin and Y27632 derived EVs a heterogeneous population
composed of medium and small particles with a diameter equal to or smaller than 100
nm. Conversely, with GW4869 we observed a representative population characterised
mainly by bigger EVs with a diameter equal to or higher than 100 nm. Montermini et al.434
reported similar results. Specifically, they noticed a shift in the NTA distribution curve of
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EVs derived from A431 cells when these cells were treated with GW4869 compared to
control. The peak of the curve registered upon GW4869 treatment was around 300 nm
while the peak of the curve registered for control EVs was around 170 nm. This is in
agreement with our results in which TEM pictures showed a representative EVs
population bigger than the representative control EVs population.
We thus further characterised these EVs with immunoblot and flow cytometry to evaluate
EVs specific markers. Flow cytometry analysis confirmed NTA results. Particularly, we
observed an increase in the concentration of EVs positive for the markers analysed,
compared to control EVs, when GW4869 treatment was used (CD9, p = 0.0084, CD63 p =
0.011, CD81 p = 0.026 and ADAM 10 p = 0.0074). As for NTA measurements, the GW4869
effect was reverted when this drug was coupled with manumycin A in combo 2.
Interestingly, when analysed with immunoblot, upon GW4869 treatment, recovered EVs
present a higher expression of flotillin, syntenin-1 and GRP94. Of note, GRP94 was not
visible on control EVs and considering it is a marker associated with bigger vesicles this
data supports the TEM results pointing to the suggestion that a change in the subtype of
EVs released upon GW4869 treatment is happening.
We then functionally investigated recovered EVs on two receiving cell lines, DU145 Ag and
22Rv1, via proliferation and migration assay. We observed a decreased proliferation when
EVs recovered upon Y27632 treatment were used on 22Rv1 cells compared to vehicle
control. This effect was dose-dependent (105 p = 0.002, 106 p = 0.0027 and 107 p = 0.028)
and when Y27632 was coupled with calpeptin in combo 1, the EVs recovered had no effect
on cell proliferation suggesting a change in the recovered EVs content following the
addition of calpeptin in the treatment. The effect of Y27632 derived EVs was observable
on DU145 Ag cells at low dose although increasing the EVs dose, we lost the effect. It
should be noted that DU145 Ag cells have a very high speed of growth compared to 22Rv1
cells and this may explain why DU145 Ag cells were not affected by EVs while 22Rv1 did.
On migration assay, we observed a reduced 22Rv1 migration after 24 and 48 hours
incubation with calpeptin and combo 1 treatment derived EVs. Interestingly, although
Y27632 derived EVs proved to not affect cellular migration, when combined with calpeptin
in combo 1, calpeptin overall effect on EVs release impacted the resulting combo 1 EVs
that had a similar effect to calpeptin derived EVs on cellular migration. This can be
explained considering the two distinct modes of action of these two drugs. Y27632
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blocking ROCK blocks one of the EVs production pathways at the very top of the cascade
that not necessarily is responsible for the budding of all membrane-derived EVs. On the
other hand, calpeptin blocks calpain, the final effector enzyme that cab potentially is used
by multiple overlapping pathways and ultimately led to the budding of the plasma
membrane. Thus, the use of Y27632 can block only a limited number of membranederived EVs compared to calpeptin, explaining why, when EVs were collected from the
combinatorial treatment, we observed cellular effects both on proliferation and migration
that is more similar to the effect observed with calpeptin than to the effect observed with
Y27632.
Concerning DU145 Ag, after 24 hours, we observed a reduced migration following
treatment with calpeptin, combo 1 and manumycin A although this effect was lost
progressively increasing EVs concentration and most importantly incubation time. On the
other hand, GW4869 treatment derived EVs both at low and high concentration and
independently from the incubation time, always inhibited DU145 Ag migration, however,
we cannot exclude a possible direct involvement of GW4869 particles co-isolated with
EVs. As for proliferation assay results, we should consider that DU145 Ag cells are a more
aggressive cell line compared to 22Rv1 cells and this reflects on their higher tendency to
migrate and invade. This can explain why we did not see any major effect on DU145 Ag
cell migration with any vesicles except those deriving from GW4869 treatment.
As the project was evolving even the isolation protocol used to separate EVs was changing
and we started to wonder about the purity of EVs pellet following the single was step,
especially considering our concern on GW4869 co-precipitation and thus contamination.
Additionally, the EVs community pointed out that a single wash might not be enough to
remove completely Optiprep that, although inert on the functional assay, can still affect
EVs characterisation with NTA and TEM. We thus decided to add a supplementary washing
step and re-evaluate EVs. Significant results deriving from double washed EVs are
summarised below in Table 4.12.
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Assay
NTA:

total

EVs

count

PC3RD-derived EVs

DU145RD-derived EVs

Control vs Y27632

----------

p = 0.0088
Control vs GW4869
p < 0.0001
Control vs Manumycin A
p = 0.023
Control vs Combo 2
p = 0.042
GW4869 vs Combo 2
p = 0.007
Y27632 vs Combo 1
p = 0.0051

NTA:
count

small

EVs

Control vs Calpeptin

Control vs Calpeptin

p = 0.04

p = 0.0032

Control vs Y27632

Control vs Combo 1

p < 0.0001

p = 0.0049

Control vs Combo 1

Control vs GW4869

p = 0.05

p = 0.0064

Control vs Manumycin A

Control vs Combo 2

p = 0.0002

p = 0.0059

Control vs GW4869

Manumycin A vs GW4869

p = 0.05

p = 0.0055

Control vs Combo 2
p = 0.051
Y27632 vs Combo 1

Manumycin A vs Combo 2

p < 0.0001

p = 0.005

Manumycin A vs Combo 2
p < 0.0001
BCA

Control vs Manumycin A

Control vs Manumycin A

p = 0.01

p = 0.0011

Control vs GW4869

Control vs GW4869

p < 0.0001

p = 0.0007
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Control vs Combo 2

GW4869 vs Combo 2

p = 0.0045

p < 0.0001

GW4869 vs Combo 2
p = 0.012

Proliferation Assay
22Rv1

Dose 1

No treatment vs Calpeptin

Dose 1

----------

Dose 2

----------

Dose 3

No treatment vs GW4869

p = 0.028
No treatment vs Combo 1
p = 0.006
PBS vs Calpeptin
p = 0.0095
PBS vs Combo 1
p = 0.0021
Control vs GW4869
p = 0.023
Dose 2

No treatment vs Combo 1
p = 0.043
No

treatment

vs

Manumycin A
p = 0.0023
PBS vs Manumycin A
p = 0.011
Control vs GW4869
p = 0.021
Manumycin A vs Combo 2
p = 0.0017
Dose 3

No treatment vs Control
p = 0.008

p = 0.0004

No treatment vs Control

PBS vs GW4869

p = 0.04

p = 0.0009

No treatment vs Combo 1

Control vs Calpeptin

p = 0.021

p = 0.0024

No

treatment

Manumycin A

vs

Control vs Y27632
p = 0.041

p = 0.01
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Control vs Combo 2
p = 0.0037
PNT2

DU145 Ag

Dose 1

----------

Dose 1

----------

Dose 2

----------

Dose 2

----------

Dose 3

----------

Dose 3

----------

Dose 1

----------

Dose 1

----------

Dose 2

----------

Dose 2

No treatment vs Y27632
p = 0.027
PBS vs Y27632
p = 0.0032
PBS vs Manumycin A
p = 0.01
PBS vs GW4869
p = 0.02

Dose 3

----------

Dose 3

No treatment vs Y27632
p = 0.05
PBS vs Y27632
p = 0.0053
PBS vs Manumycin A
p = 0.014
Control vs Y27632
p = 0.003
Control vs Manumycin A
p = 0.0079

PC3 Ag

Dose 1

----------

Dose 2

No

Treatment

vs

Dose 1

----------

Dose 2

----------

Dose 3

No treatment vs Calpeptin

Manumycin A
p = 0.025
No treatment vs Y27632
p = 0.044
Dose 3

No treatment vs Control
p = 0.013

p = 0.013

No treatment vs Calpeptin
p = 0.043
No treatment vs Y27632

No treatment vs Manumycin A

p = 0.0027

p = 0.018
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No

treatment

Manumycin A

vs

Control vs Calpeptin
p = 0.01

p = 0.0008
No treatment vs GW4869

Control vs Manumycin A

p = 0.047

p = 0.015

No treatment vs Combo 2
p = 0.0095
PBS vs Manumycin A
p = 0.041
Table 4.12: List of significant results obtained from the use of double washed PC3RD- and DU145RDderived EVs.
---------- used to indicate non-significant results.

NTA results supported some of the hypotheses mentioned above. We investigated both
total EVs released and small EVs released to try to understand how exactly these drugs
were affecting EVs release. Looking at EVs released upon calpeptin, Y27632 and combo 1
treatment on PC3RD cells we saw that Y27632 overall increased EVs production (p =
0.0082) and with an in deep look at smaller vesicles we saw that the increase in vesicles
release was associated with a higher production of smaller vesicles (p < 0.0001). As
mentioned above, Y27632 inhibiting ROCK inhibits the beginning of the EVs production
cascade thus cells have still space and time to compensate for this effect and find an
alternative way to release vesicles. On the other hand, looking at calpeptin we could not
see any overall effect on EVs production, but we saw instead a significant reduction in
small EVs release (p = 0.015). This effect was maintained in combo 1 when calpeptin was
coupled to Y27632. In combo 1, calpeptin reverted completely the effect observed with
Y27632 on small EVs. These effects were similarly observed on DU145RD-derived EVs.
Although with none of these three drugs we observed differences in the total EVs release
we appreciated a significant reduction in small vesicles release upon calpeptin and combo
1 treatment.
Moving on with manumycin A, GW4869 and combo 2 treatments on PC3RD cells, we
observed an overall increase of vesicles release following all treatments. Focusing the
attention on small EVs we reported an increased release of small EVs following
manumycin A treatment (p = 0.0002) and a decrease in small vesicles release upon
GW4869 treatment (p = 0.029). When coupled together in combo 2, GW4869 reverted
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the effect observed with manumycin A treatment. Similar results were observed on
DU145RD-derived EVs. Although we could not see any difference in total vesicles release,
analysing small vesicles we observed an increased population of small EVs characterising
manumycin A pellet and the abrogation of small EVs release following GW4869 treatment
used alone or in combination with manumycin A in combo 2.
TEM pictures support NTA results. We observed a representative heterogeneous
population as control EVs composed of both medium and small EVs. Upon manumycin A
and Y27632 treatment, we observed a representative population composed mainly of
small EVs with a diameter lower than 100 nm. Calpeptin derived EVs were heterogeneous
and composed of medium and small EVs. With GW4869, combo 1 and combo 2 derivedEVs, on the contrary, we saw a representative population characterised mainly by medium
EVs with a diameter equal to or higher than 100 nm.
Manumycin A is an inhibitor of Ras that is involved in the ESCRT-dependent pathways.
However, it is also involved in the MAP kinases pathway that overlap with ROCK activation
and this can explain why upon manumycin A and Y27632 we observed similar effects.
Y27632 has mostly being investigated as a blocking agent for medium/big membranederived EVs but these results highlight the importance of studying EVs as a whole instead
of focusing the attention on single subpopulations. For example, Sebbagh et al.398 and
Coleman et al.391 speculated the efficacy of Y27632 in reducing medium EVs release
looking at membrane blebbing following short incubation times. Hussein et al.,
Tramontano et al.401, Kim et al.402 and Latham et al.396 all focused on medium vesicles
using short Y27632 incubation time and short, low-speed centrifugation steps with no
washing that do not fully recover vesicles from CM and do not exclude contaminants.
Others, such as Sapet et al.380 or Wang et al.437 investigated Y27632 activity via Annexin V
staining/FACS that is no longer recognised as a suitable method for EVs evaluation. All
these studies, although proving the efficacy of Y27632, all give a partial picture of what is
really happening to the cells and most importantly how the EVs releasing process is
affected. As per our knowledge, we are the first highlighting the compensatory effect
activated within the cells following Y27632 treatment with a mechanism possibly
overlapping to the mechanisms activated following manumycin A treatments. Similarly,
GW4869 is the most well known and used EVs inhibitors, however, disparate methods
have been used to recover EVs, it has been used mostly on previously stimulated cells and
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it has been mostly used for short incubation times. In some cases, recovered EVs were not
fully characterised with estimations made based on BCA assay or immunoblot
densitometry. All these factors biased the reproducibility of GW4869 effects and does not
highlight any other possible effect that this drug can have on cells. In here, we proved that
in response to GW4869, both cell lines change EVs production pathway as compensatory
effect, moving from ESCRT-independent pathways to others involving the release of
bigger vesicles. This compensatory effect has been already reported by Menck et al.417 on
SKBR3 cells and murine L-cells. Specifically, after incubation with GW4869 cell CM was
subjected to two centrifugation spins: one at 14,000 g in order to collect bigger EVs (P14
population) and one at 100,000 g in order to collect small EVs (P100 population). With
both NTA and flow cytometry authors appreciated a decrease in P100 concentration but
at the same time, they observed a significant concentration increase in the P14
population. Looking at biomarkers, they observed a change in the expression of the
marker on collected EVs following GW4869 treatment compared to control EVs. Results
show that GW4869 increases the budding of EVs from the plasma membrane, and
specifically increases loading onto these EVs of some MV proteins.
Looking at BCA results we observed an increase in EVs protein content following
manumycin A treatment compared to control EVs on both cell lines. On PC3RD cell we
observed an increase in EVs protein content also following GW4869 and combo 2
treatment although, on DU145RD, GW4869 did not affect EVs protein content. Once
analysed for EVs markers, with PC3RD-derived EVs we observed an increased
representation of CD63 and syntenin-1 positive vesicles following GW4869 and combo 2
treatment while the same effect was observed on DU145RD-derived EVs following Y27632
and manumycin A treatment.
When we further functionally analysed recovered EVs with proliferation assay we
observed a reduction in cellular proliferation when EVs derived from manumycin A,
Y27632 and calpeptin were used. As per our knowledge, this is the first report showing it
is possible to pharmacologically block subtypes of EVs responsible for the transfer of
aggressive behaviours on receiving cells. As we could see from our results, not only using
these blocking agents we could reduce the effect of control EVs on receiving cells, but we
could overall reduce cellular proliferation compared to the non-treated control. This
highlight how EVs heterogenicity is such that not all cancer-derived EVs might have
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malignancy potential and that the interplay between “good” and “bad” EVs decides the
overall EVs effect within the tumour mass. This is not the first report noting the possible
double EVs effect. For example, de Andrade et al.438 showed how overall oral squamous
cell carcinoma (OSCC) derived EVs promoted both pro- and anti-angiogenetic effects on
endothelial cells. Additionally, MSCs EVs are well known to have both cancer-suppressive
and cancer-promoting activity on tumour cells439.
Finally, we analysed the effect of Y27632 and manumycin A treatment derived EVs on
cellular migration. On both receiving cell lines, we observed a slight dose-response
increase of cellular migration following control EVs treatment and a significantly
decreased migration following treatment with EVs deriving from Y27632 and manumycin
A treatments at high doses. As per our knowledge, this is the first report showing that
cancer-derived EVs can decrease cellular migration upon cancer cells treatment with
Y27632 and manumycin A.

4.5 Conclusion
In this project, we demonstrated that pharmacological inhibition of EVs cannot totally be
achieved with any of the four compound tested here, as cells activate compensatory
effects in response to the pharmacological stress that leads to a change in the EVs subpopulations released. However, the change in the EVs subsets released and thus in the
different molecular cargos that these vesicles carry may still be clinically relevant. In fact,
as shown in this project, favouring the release of specific EVs subsets compared to normal
EVs pool it is possible to reduce EVs effects within the tumour mass. Particularly we shown
how Y27632 and manumycin A derived EVs released by docetaxel-resistant prostate
cancer cells can reduce the spreading of aggressive behaviours, reducing proliferation and
migration on receiving cells not only compared to control EVs but also compared to the
non-treated control. This point out a new possible approach for the evaluation of EVs
inhibitors. In fact, if on one side it is impossible to block EVs shedding and release due to
their heterogenicity, on the other side this block might not even be needed. As shown in
this project, blocking specific EVs releasing pathways can still be beneficial for the
prevention of the spreading of the aggressive behaviours and thus cancer progression.

- 161 -

CHAPTER FIVE: Docetaxel
treatment and the
immunosuppressive tumour
microenvironment
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5.0 Abstract
Tumour formation and progression is not only regulated by genetic/epigenetic factors
strictly associated with cancer cells, but it is also associated with the crosstalk that cancer
cells have with the tumour microenvironment (TME). TME consists of tumour cells,
extracellular matrix components and stromal cells, including endothelial cells and immune
cells such as macrophages and lymphocytes. Tumour cells control the TME and thus can
modulate stromal cells activity, lastly leading to tumour maintenance and progression.
The known activity of the TME on stromal cells includes immunosuppressive activity on
the tumour-infiltrating lymphocytes that are usually rendered ineffective or are pushed
to differentiate into Tregs leading to the suppression of the immune cells activity.
Two effector enzymes are mainly responsible for the conversion of T-cells into Tregs,
namely indoleamine 2,3-dioxygenase (IDO1) and ecto-5’-nucleotidase (CD73). Several
inhibitors of these two enzymes are under clinical trial, used alone or in combination with
immune checkpoint inhibitors. However there is still a long way to go for their approval
as, some of them, are still in Phase I clinical trials.
In this project we evaluated the effect of chemotherapy on the expression of these two
enzymes firstly on seven different cells lines, representing different cancer types, and,
subsequently, on prostate cells derived EVs. We showed for the first time that cells
accumulate these two enzymes inside EVs and that, during docetaxel treatment, cells
downregulate the internal expression levels of both CD73 and IDO1 without affecting the
EVs levels of these enzymes. These preliminary results showed that during chemotherapy
the immunosuppressive effect of CD73 and IDO1 might be connected to their presence
on EVs and not on cancer cells and thus EVs might play a more important role in the
promotion of T-cell differentiation to Tregs than cells per se.
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5.1 Introduction
Tumour microenvironment is the environment in which tumours develop and progress
and it is characterised by a complex interconnection between tumour cells and the
stromal cells, including infiltrating inflammatory cells. Within the immune cells present in
the TME, tumour-infiltrating lymphocytes are the most abundant. Additionally, among the
TILs present, regulatory T cells are overrepresented, downregulating the proliferation of
effector T cells and promoting the failure of cancer immunosurveillance. The high
presence of Tregs is partially due to cancer cells itself that orchestrating the stimuli and
the signals of the TME suppress the activity effector cells and promote a general
immunosuppressive environment.
Two enzymes, IDO1 and CD73, are reported to be overexpressed by cancer cells and play
pivotal role in the accumulation of Tregs in the TME. CD73 is responsible for the
conversion of AMP into adenosine that ultimately leads to immunosuppression and Tregs
clonal expansion. While IDO1 is responsible for the conversion of tryptophan into
kynurenine that suppress the activity of CTL and NK cells and activates Tregs and MDSCs.

5.1.1 Aim
The aim of this study was to investigate a possible connection between the use of
docetaxel as chemotherapeutic agent and the suppressive tumour microenvironment
responsible for the cancer immunosurveillance escape. Focus was given on two enzymes,
CD73 and IDO1, reported to play key role in the formation of the suppressive TME.
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5.2 Materials and Methods

5.2.1 Cell Culture
PNT2, DU145 Ag and PC3 Ag cell lines were grown in RPMI medium (Sigma-Aldrich, Cat. #
R0883) containing 10 % foetal bovine serum (FBS) (Gibco, Cat. #: 10270106) and 20 mM
L-Glutamine (Sigma-Aldrich, Cat. #: 10516). H596 cell line was grown in RPMI medium
(Sigma-Aldrich, Cat. # R0883) containing 10 % foetal bovine serum (FBS) (Gibco, Cat. #:
10270106) and 10 mM L-Glutamine (Sigma-Aldrich, Cat. #: 10516). Hs578T cell line was
grown in DMEM-high glucose (Sigma-Aldrich, Cat # D5671) containing 10 % foetal bovine
serum (FBS) (Gibco, Cat. #: 10270106) 10 mM L-Glutamine (Sigma-Aldrich, Cat. #: 10516)
and 0.1 % of insulin (Sigma-Aldrich, Cat # I9278). MDA-MB-231 cell line was grown in
DMEM-high glucose (Sigma-Aldrich, Cat # D5671) containing 10 % foetal bovine serum
(FBS) (Gibco, Cat. #: 10270106) 10 mM L-Glutamine (Sigma-Aldrich, Cat. #: 10516). Hs746T
cell line was grown in DMEM-high glucose (Sigma-Aldrich, Cat # D567) containing 10 %
foetal bovine serum (FBS) (Gibco, Cat. #: 10270106) 20 mM L-Glutamine (Sigma-Aldrich,
Cat. #: 10516). All cell lines were grown at 37 °C, 5 % CO2. Table 5.1 summarise the
culturing conditions and the seeding densities used for every cell lines. dFBS was produced
as per Section 2.2.2.
Mycoplasma testing was routinely performed by reverse-transcriptase polymerase chain
reaction (RT-PCR) (ATCC; cat #30-1012K) every three months.
Cell line

Cancer type

Growing conditions

Seeding densities

PNT2

Normal Prostate Tissue

RPMI containing 10% FBS and

1.3 x 106 cells /T75 flask

20 mM L-glutamine

2.5 x 106 cells/T175 flask

RPMI containing 10% FBS and

2.5 x 106 cells /T75 flask

20 mM L-glutamine

5 x 106 cells/T175

RPMI containing 10% FBS and

2.5 x 106 cells /T75 flask

20 mM L-glutamine

5 x 106 cells/T175

Lung adenosquamous

RPMI containing 10% FBS and

1 x 106 cells /T75 flask

carcinoma

10 mM L-glutamine

DU145 Ag

PC3 Ag

H596

Prostate carcinoma

Prostate carcinoma
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Hs578T

Breast; mammary gland

DMEM-high glucose

carcinoma (TNBC)

containing 10% FBS, 10 mM

0.75 x 106 cells /T75 flask

L-glutamine and 0.1% of
insulin
MDA-MB-231

Breast; mammary gland

DMEM-high glucose

adenocarcinoma (TNBC)

containing 10% FBS and 10

2 x 106 cells /T75 flask

mM L-glutamine
Hs746T

Gastric Carcinoma

DMEM-high glucose

1 x 106 cells /T75 flask

containing 10% FBS and 20
mM L-glutamine
Table 5.1: List of the cell lines used, their growing conditions and their seeding densities.
All seeding densities were set up in order to have a final cells confluency of 70%.

5.2.2 Experimental Set up
For this chapter, EVs isolation was performed adjusting a previously reported protocol
from Clotilde Thery group in Paris440. In their work, cells were incubated for 24 hours in
dFBS media. The subsequent CM was then collected, spun down trice at 300 g and EVs
were subsequently separated via dUC followed by two washing steps in order to collect
different pellets (2K, 10K, 100K). In here we followed the same procedures but instead of
collecting 3 different pellets we obtained only the 100K pellet that included the 2K and
the 10K pellets as well.
All cancer listed above in Table 5.2.1 have in common the use of docetaxel as
chemotherapeutic agents. We thus investigated docetaxel activity on the expression
levels of IDO1 and CD73. All the cell lines under investigation in this chapter have a 48
hours incubation time docetaxel IC50 in between 800 pM and 1 nM. These IC50s were
evaluated for other thesis and from other people not related to this project. The choice
of the concentrations to be evaluated for this chapter was made taking into consideration
these IC50s. Cells were thus subjected to a test run, with all the docetaxel concentrations
tested in these chapter, and 24 hours post-incubation, cells’ viability was evaluated using
Trypan blue staining and cell counting. All concentrations tested proved to be not toxic
for cells, although we observed a lower cell count when 3 nM was used (data not
reported). For this reason, in all graphs reported below, both IDO1 and CD73 quantities
were processed taking into consideration the volume of protein lysate used for the ELISA
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in order to partially take into consideration the different amount of cells from which the
lysates came from.

5.2.3 Collection of whole cell lysate
PNT2 cells were seeded at 1.3 x 106 cells /T75 flask. DU145 Ag PC3 Ag cells were seeded
at 2.5 x 106 cells /T75 flask. MDA-MB-231 cells were seeded at 2 x 106 cells /T75 flask.
H596 and Hs746T cells were seeded at 1 x 106 cells /T75 flask. Hs578T cells were seeded
at 0.75 x 106 cells /T75 flask. The following day the medium was changed to 10% FBScontaining RPMI medium containing increasing concentration of docetaxel. After 24 hours
of incubation the medium was removed from the flask and the cells were lysed as per
Section 3.2.8.

5.2.4 EVs Isolation
PNT2 cells were seeded at 2.5 x 106 cells/T175 flask, PC3 Ag and DU145 Ag were seeded
at 5 x 106 cells/T175 flask in RPMI (Sigma-Aldrich, Cat. # R0883) media supplemented with
10 % FBS (Gibco, Cat. # 10270106), 20 mM L-Glutamine (Sigma-Aldrich, Cat. # 10516). The
following day the medium was replaced with RPMI media supplemented with 10% dFBS
(Gibco, Cat. # 10270106), 20 mM L-Glutamine (Sigma-Aldrich, Cat. # 10516) and 1 %
penicillin/streptomycin (Sigma-Aldrich, Cat. # P4458) and grown for another 24 hrs. When
the medium was replaced, docetaxel was added in order to have a final concentration of
0, 900 and 1800 pM. Conditioned medium (CM) was collected from each flask and the
starting cell number was counted. The CM was centrifuged at 300 g for 10 minutes at 4 °C
3 times as a pre-clearing step. The CM was then transferred in Quick Seal tubes (Backman
Coulter, Cat #: 342414) and pin down at 100,000 g for 70 minutes at 4 °C. Following the
spin, the supernatant was removed, EVs were resuspended in 0.2 µm filtered PBS and spin
down once again 100,000 g for 70 minutes at 4 °C into new Quick Seal tubes. The final
samples were resuspended in 100 µl of cell lysis buffer (Invitrogen, Cat. # FNN0011)
including 1X proteinase inhibitor (Roche, Cat. # 05892970001) and incubated on ice for
30 minutes, vortexing every 10 minutes for 10 seconds. After 30 minutes, the samples
were centrifuged at 16,100 g at 4 °C for 10 minutes. The supernatant was transferred to
a new tube and stored at -20 °C until required
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5.2.5 ELISA assay
Protein content of each cell and EVs lysate was quantified as per Section 3.2.5.2.
IDO1 and CD73 quantification was performed using the DuoSet ELISA kits (respectively
R&D systems, Cat. # DY6030-05 and Cat. # DY5795- 5) and following manufacturer’s
instruction. In brief, the capture antibody (R&D systems, Cat. # 844852 and 844640) was
resuspended and diluted in PBS (R&D system, Cat. # 896036) as recommended by the
manufacturer. 100 µL of diluted capture antibodies were aliquoted in 96-well plate and
left to adhere overnight at room temperature. The day after plate were washed trice with
diluted ELISA washing buffer (R&D systems, Cat. # 895003) and unspecific binding sites
were blocked adding 300 µL of diluted reagent diluent (R&D systems, Cat. # 841380) to
each well. After 1 hour of incubation at room temperature, wells were washed trice and
100 µL of samples (containing 50 µg of whole cell lysates or 25 µg of EVs lysate) or
standards in diluted reagent diluent were added to the well and incubated at room
temperature for 2 hours. After the incubation time, wells were washed trice and 100 µl of
detection antibody (R&D system, Cat. # 844853 and 844641) solution were added to each
well and incubated for 2 hours at room temperature. After the incubation time, plates
were washed trice and 100 µl of diluted streptavidin-HRP solution (R&D system, Cat. #
893975) were added to the wells. After 20 minutes of incubation time wells were washed
trice and 100 µl of substrate solution (color reagent A and color reagent B 1:1, R&D
system, Cat. # 895000 and 895001) were added and incubated at room temperature in
dark. After 20 minutes, 50 µl of stop solution (R&D system, Cat. # 895926) were added to
each well and the optical density was determined immediately at 450 nm using a FluoStar
Optima microplate reader (Serial #: 08-100-241). IDO1 and CD73 quantification was
performed interpolating the absorbance values to the standard curve run alongside the
sample using recombinant IDO 1 (R&D system, Cat. # 844642) and recombinant CD73
(R&D system, Cat. # 844854).
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5.3 Results
5.3.1 Docetaxel treatment reduce IDO1 and CD73 expression level in vitro
We first investigated how the use of chemotherapy could affect the TME. Figure 5.1 and
Figure 5.2 show the expression level of CD73 and IDO1, respectively, following docetaxel
treatment. In all cases we observed a reduction in the expression level of both the enzyme
following docetaxel treatment at high concentrations.
Overall PNT2, MDA-MB-231, H596 and Hs746 presented the highest expression level of
CD73.
Following docetaxel treatment, we could observe a strong downregulation that exceeded
the 50 % when 1.2, 1.8, and 3 nM docetaxel ware used. These results were statistically
significant on PNT2, MDA-MB-231 and Hs746. On PC3 Ag and DU145 Ag we observed an
almost complete abrogation of CD73 expression, that was statistically significant on PC3
Ag when docetaxel was used at high concentrations. On Hs578 and H596 we observed a
similar trend. When docetaxel was used at low concentrations (300 and 600 pM,
respectively) the expression levels of CD73 initially increased. In fact, they almost doubled
when 600 pM docetaxel was used. However, further increase in docetaxel concentration
caused a non-significant drop of CD73 levels.
Similar results were obtained with the expression level of IDO1. When high concentrations
of docetaxel were used, we observed an almost complete abrogation of IDO1 levels in
PNT2, DU145 Ag, PC3 Ag, MDA-MB-231 and H596 cells. Similar results, although not
significant were observed on Hs746T following 1.2, 1.8 and 3 nM docetaxel treatment,
although at lower concentrations, the expression levels remained stable. Again, with H596
and Hs578T we observed a similar trend to the one previously showed with CD73. At low
concentrations (300 and 600 pM, respectively), we observed an initial increase in the IDO1
expression levels, increase that was statistically significant on Hs578T (Ctrl vs 600 pM
docetaxel p = 0.0016). Further increase in docetaxel concentrations caused a drop in IDO1
expression levels. However, it is interesting to see that, if on H596 the levels are almost
completely abrogated, on Hs578T IDO1 expression fall down to control levels.
Of note, it is interesting to see that prostate cancer cells, DU145 Ag and PC3 Ag cells,
showed an overexpression of IDO1 compared to normal prostate cells, PNT2.
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Figure 5.1: CD73 expression levels following docetaxel treatment
PNT2, DU145 Ag, PC3 Ag, MDA-MB-231, Hs578T, H596 and Hs746T cells were treated with increased
concentration of docetaxel for 24 hours. After incubation time, cells were scratched, lysed and CD73 levels
were evaluated. Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to
compare different treatments to the control: *P < 0.03, **P < 0.003, ***P < 0.0004 and **** P < 0.0001.
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Figure 5.2: IDO1 expression levels following docetaxel treatment
PNT2, DU145 Ag, PC3 Ag, MDA-MB-231, Hs578T, H596 and Hs746T cells were treated with increased
concentration of docetaxel for 24 hours. After incubation time, cells were scratched, lysed and IDO1 levels
were evaluated. Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to
compare different treatments to the control: *P < 0.03, **P < 0.003, ***P < 0.0004 and **** P < 0.0001.
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5.3.2 Prostate cancer cells concentrate IDO1 and CD73 into EVs
Following the evaluation of the expression levels of both IDO1 and CD73 on seven cell
lines, we further investigate the presence of these two enzymes on EVs. We selected
PNT2, PC3 Ag and DU145 Ag as representative cells considering that: at high docetaxel
concentrations we observed, for all cells, a reduction in the cell expression levels of these
two enzymes; PNT2 is the reference control non cancer cells of PC3 Ag and DU145 Ag cells
and no other non-tumoral control was analysed; our main focused in this thesis is prostate
cancer.
Once EVs were isolated and lysed, we performed the ELISA quantification of the IDO1 and
CD73 expression levels. Figure 5.3 shows the results obtained. Alongside the samples
under analysis we used, as control, non-conditioned media. This media went through all
the EVs isolation step and the final pellet was lysed. Results show the complete absence
of CD73 from this control media. However we obtained a signal from IDO1 presence.
Concerning EVs levels, we observed a high expression of CD73 in all sample. However we
observed a significant increase in the expression levels of CD73 following docetaxel
treatment only when DU145 Ag-derived EVs were used as shown in Figure 5.3 C (Control
EVs vs 900 pM EVs p = 0.039 and Control EVs vs 1800 EVs p = 0.0074). Similar results were
obtained evaluating IDO1 expression levels where we did not see any difference between
treatments, except on PNT2 in which we observed an increased IDO1 quantity following
1800 nM treatment with docetaxel compared to control EVs (p = 0.015).
We further analysed the data comparing the expression levels of the cells with the EVs
expression levels. Figure 5.4 shows the results obtained. In all cases we observed a
significantly higher presence of both CD73 and IDO 1 inside EVs compared to their cells of
origin suggesting that cells tend to accumulate these enzymes inside EVs in order to
modulate the cancer microenvironment. Additionally, although following docetaxel
treatment we observed the complete abrogation of both CD73 and IDO1 inside the cells,
the expression levels on EVs remained stable or, as in the case of DU145 Ag with CD73
and PNT2 with IDO1 expression levels, increase compared to control EVs.
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Figure 5.3: EVs CD73 and IDO1 levels following docetaxel treatment
EVs were isolated after cells treatment with increased concentration of docetaxel for 24 hours. After
incubation time, EVs were separated from conditioned media, lysed and CD73 and IDO1 levels were
evaluated. A) and B) PNT2-derived EVs, C) and D) DU145 Ag-derived EVs, E) and F) PC3 Ag-derived EVs.
Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to compare different
treatments to the control EVs: *P < 0.04 and **P < 0.008.
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Figure 5.4: Cells and EVs CD73 and IDO1 levels following docetaxel treatment
A) and B) PNT2 and PNT2-derived EVs, C) and D) DU145 Ag and DU145 Ag-derived EVs, E) and F) PC3 and
PC3 Ag-derived EVs. Graphs represent n=3 biological repeats as mean ± SEM. One-way ANOVA was used to
compare different cells expression levels with EVs expression levels: *P < 0.05, **P < 0.004, ***P < 0.0005
and ****P < 0.0001.
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5.4 Discussion and conclusion
Tumour microenvironment plays a pivotal role in cancer progression. In fact, although
immune effector cells are normally recruited within the tumour mass, their anti-tumour
function gets often downregulated in response to cancer-derived signals often released
in the tumour microenvironment. Various immune checkpoints inhibitors are under
evaluation, however, for prostate cancer these inhibitors failed clinical trials.
Docetaxel is the gold-standard therapy for prostate cancer, and it is often used on triple
negative breast cancer (TNBC), lung cancer and gastric cancer, however its association
with the immunosuppressive tumour microenvironment has not yet been investigated. In
this study, we aimed to unravel any possible connection between docetaxel treatment
and the expression levels of IDO 1 and CD73 on both cells and EVs, as these enzymes are
often upregulated in cancers and play important roles in the immunosurveillance escape
of cancer cells.
We thus cultured seven different cell lines, representative of PC, TNBC, lung and gastric
cancer, thus having in common docetaxel as chemotherapeutic agents, with increasing
concentration of docetaxel. IDO 1 and CD73 expression levels were subsequently
evaluated. In both cases we saw a reduction in the expression levels of these enzymes
following docetaxel treatment, with almost complete abrogation of CD73 expression
registered with PC3 Ag and DU145 Ag cells and of IDO1 expression registered with PNT2,
DU145 Ag, PC3 Ag and H596 following 3000 pM docetaxel treatment. As per our
knowledge this is the first report showing a direct connection of docetaxel treatment with
CD73 and IDO 1 cell levels.
We then investigated if this trend could be observed on EVs as well. We selected PNT2
cells as these are normal prostate cells and their cancer counterpart, DU145 Ag and PC3
Ag. Surprisingly, the expression levels of both CD73 and IDO1 were significantly increased
in EVs compared to cells level, suggesting that these cells accumulate these enzymes
inside EVs that once released, can modulate the tumour microenvironment. Following
docetaxel treatment, we observed an increased presence of CD73 on DU145 Ag-derived
and an increased presence of IDO1 on PNT2-derived EVs compared to control EVs.
Additionally, although following docetaxel treatment we observed a significant decrease
in IDO1 and CD63 cells level, EVs expression levels remained stable for all other cells
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suggesting that although docetaxel affects the cells, these cells can still modulate the
tumour microenvironment via the release of EVs.
The association between CD73 and IDO1 expression and prostate cancer progression have
been already reported. However, none of the studies focused on EVs. Here we showed
that EVs carry a significantly high level of both enzymes, thus may play pivotal role in the
immunosuppression effect observed in prostate cancer tumour microenvironment.
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CHAPTER SIX: Discussion,
Conclusion and Future
Directions
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6.1 In Vitro Evaluation of the Effects of Docetaxel-Resistant Cell Secretome in
Prostate Cancer
As discussed in Chapter 1, prostate cancer is the fourth most common cancer in Europe
and one of the leading cause of death in males. Unfortunately, prostate cancer, being a
slow growing cancer, has an increased ability to adapt and thus to develop resistance,
firstly to the androgen-deprivation therapy and secondly to chemotherapy.
EVs are released by almost all cells in the body, in both healthy and diseased conditions.
As for cancer, our group was the first to demonstrate that EVs released from docetaxelresistant prostate cancer cells can spread resistance to drug sensitive cells. Starting with
these findings, we firstly aimed to understand the potential of the whole secretome
derived from docetaxel resistant prostate cancer cells to transfer aggressive traits to
receiving cell lines. Thus, whole secretome and EV-depleted secretomes, deriving from
PC3RD and DU145RD cells, were produced and their effect was evaluated performing
various assays including proliferation, cytotoxicity and migration, on a panel of various
prostate cell lines ranging from normal prostate cancer cells to very aggressive prostate
cancer cells. Our data support the ability of both secretomes to impact cellular
proliferation and migration and to promote the transfer of docetaxel resistance. We could
partially associate this effect to the presence of EVs, however secretome soluble factors
play a consistent role in the transfer of aggressive traits alongside EVs.
Our results demonstrate the importance of studying the tumour secretome as a whole.
Although EVs offers great potential, during their isolation many soluble and fundamental
factors belonging to the whole secretome are inevitably lost. This affects the general
understanding of EVs specific function in a real context and most importantly under
evaluate the complex net of connection characterising each and every disease
microenvironment.
Of course, many different questions raise from our data:
-

Would it be possible to understand whose, between all soluble factors, are mainly
involved in the transfer of these aggressive behaviours?

-

Are soluble factors involved in the transfer of aggressive behaviours on other
diseases?
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-

If yes, especially for cancer, would it be possible to identify a pattern of molecule,
as a fingerprint, to be pharmacologically evaluated and eventually blocked?

6.2 Optimisation of an EVs separation protocol
As discussed in Chapter 1, research in the EVs field has grown exponentially in the last
decade and this growth has been accompanied by the development of disparate EVs
separation methods that lastly influence the amount, type and purity of the recovered
EVs, leading to inconsistent results.
In this project we were in need of optimising an EVs separation protocol having a high EVs
recovery rate and in which recovered EVs were characterised by high purity. We thus
evaluated and combined different EVs separation/purification approached, namely
tangential flow filtration, gradient ultracentrifugation, size exclusion chromatography and
ultracentrifugation washing, in order to develop an optimised EVs separation method that
would meet our requirements.
NTA analysis of gradient ultracentrifugation fractions showed the presence of two distinct
EVs sub-populations characterised by different size and different buoyant densities. So,
we initially tried to separate these two sub-populations polling together gradient fractions
1-4 and 5-9 and purified EVs with a size-exclusion chromatography step. Unfortunately,
this approach led to loss of vesicles and so, we changed approach starting to recover a
unique heterogeneous pool of EVs floating in an Optiprep density between 1.03 and 1.15
g/mL corresponding to fractions 3-9.
Next step was to understand what purification/cleaning methods would have been
suitable. We thus evaluated different approaches and compared the results using
immunoblots. Our findings show that independently from the subsequent processing
step, all recovered EVs were negative for calnexin and thus clean from cell-derived
impurities as calnexin is often used as purity control. However, the different purifications
step led to different EVs recovery rate. In fact, we observed different markers intensities
when EVs were analysed with immunoblots. With all markers we observed fainter bands
when samples processed with SEC were analysed compared to samples processed with
ultracentrifugation washing steps, suggesting loss of particles.
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Concluding, in this study we proved that although commercially available SEC column
have high potential as they assure the recovery of highly purified EVs, attention must be
made evaluating even the EVs recovery rate as - as shown in here – loss of certain EVs
sub-sets during the separation procedure can happen. The results of this study proved the
efficient optimisation of an EVs separation protocol characterised by high recovery rate
and high purity.

6.3 Pharmacological inhibition of Extracellular Vesicles release
EVs are involved in many pathophysiological conditions and they have been associated to
the progression of several diseases, including cancer. For this reason, many
pharmacological agents have been investigated in order to block EVs biogenesis/release.
However, EVs heterogenicity and the disparate EVs separation/characterisation methods
used to investigate EVs recovered following treatment with these pharmacological
agents, give raise to inconsistent results.
In this project and, as per our knowledge, for the first time, four reported EVs
biogenesis/release inhibitors, used alone and in combination, have been evaluated
following MISEV 2018 guidelines. As discussed in Chapter 1, we selected calpeptin and
Y27632 reported to inhibit EVs deriving from the plasma membrane and manumycin A
and GW4869 reported to inhibit those EVs deriving from multi-vesicular bodies.
Furthermore, EVs still shedding following inhibitors treatment were functionally
evaluated via functional assay including proliferation, cytotoxicity, and migration assays.
Firstly, we were in need to set up appropriate inhibitors concentrations to be used on cells
assuring a good cell viability. We thus performed a series of toxicity assay and we double
checked the non-toxicity of the concentration chosen via annexin V/PI staining using flow
cytometry. Additionally, we investigated the effect of these inhibitors on cellular
migration and invasion. GW4869 significantly decreased cellular migration as well as
DU145RD cell invasion ability together with manumycin A.
Concerning their effect on EVs release, evaluating double washed EVs we observed a
significant increase in total vesicles production when PC3RD cells were treated with
Y27632 (p = 0.0088), manumycin A (p = 0.023) and GW4869 (p < 0.0001). However, when
we looked at the small vesicles included in the EVs pool analysed, we observed a
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significant reduction of small EVs when calpeptin (p = 0.04), combo 1 (p = 0.05), GW4869
(p = 0.05) and combo 2 (p = 0.051) were used, while we observed an increase in small
particle release when Y27632 (p < 0.0001) and manumycin A (p = 0.0002) were used.
Similar results were obtained evaluating small EVs derived from DU145RD cells. This data
suggests that instead of blocking EVs release, these inhibitors activate compensatory
pathways inside the cells leading to a change in the sub-type of vesicles released. For
example, when GW4869 was used, although we observed a reduction of small EVs release,
we also observed an increase of medium vesicles release (as proved by TEM as well) that
overall increase the total particle count registered. Similar effects were observed
following Combo 1 treatment, in which we observed a total EVs count similar to control
EVs but the EVs pool was mainly characterised by the presence of medium EVs.
When we further functionally analysed recovered EVs with proliferation assay we
observed a reduction in cellular proliferation when EVs derived from manumycin A,
Y27632 and calpeptin were used. Interestingly, although this EVs affected prostate cancer
cell proliferation, no effects were observed on PNT2 cells, normal prostate cells used in
this study as control. Additionally, when we analysed the effect of PC3RD-derived EVs on
cellular migration, at high doses, we observed a significant reduction of cell migration. As
per our knowledge, this is the first report showing it is possible to pharmacologically block
sub-populations of EVs responsible for the transfer of aggressive behaviours on receiving
cells.
Concluding, in this study we showed that pharmacological inhibition of EVs cannot be
achieved. However, it is possible to change the sub-type of EVs produced by the cells
favouring the release of certain EVs carrying different cargos that ultimately decrease
cellular proliferation and cellular migration once up taken by receiving cells, thus reducing
the spreading of aggressive behaviours within the tumour mass.
Of course, these are preliminary results and many questions rise looking at our data. Lots
of work must still be done including:
-

Mass spectrometry analysis of the recovered EVs, especially those vesicles still
shedding following calpeptin, Y27632 and manumycin A treatment in order to
understand how these vesicles differ from control EVs.

-

Considering that GW4869 proved to inhibit cellular plasticity and affect cellular
migration and invasion, it would be interesting to study if this agent can prevent
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EVs uptake by receiving cell lines. It proved to be not suitable in decreasing EVs
release, but it might still be useful for the prevention of EVs uptake and thus for
the prevention of aggressive behaviours spreading.
-

Investigation of these inhibitors on different cancer cells representative of
different cancers in order to understand if the effect observed on prostate cancer
can be observed on other cancer types.

-

Investigation of these inhibitors in prostate cancer mouse model in order to
understand if the effect observed on EVs release in vitro can be translated in vivo.
It would be interesting to see not only the change in the EVs released within the
tumour mass, but also evaluate the overall EVs present in the plasma looking for
any structural and functional difference following inhibitors treatment.

-

Investigation of these inhibitors in vivo coupled with a chemotherapeutic agent in
order to understand if a combinatorial therapy can be beneficial in the treatment
of cancer and in the prevention of drug resistance development.

6.4 Docetaxel treatment and the immunosuppressive tumour microenvironment
As discussed in Chapter 1, tumour microenvironment is characterised by a complex
interconnection between the tumour and the stromal cells, including the infiltrating
inflammatory cells. Due to these interactions inflammatory cells results ineffective in
arresting tumour growth and perform an inefficient tumour surveillance. Docetaxel is the
gold standard chemotherapeutic agent for a plethora of cancers including prostate cancer
however the effect of docetaxel on the immunosuppressive tumour microenvironment
has not yet evaluated.
In this project we evaluated the effect of docetaxel on the expression level of two enzyme,
IDO1 and CD73, reported to be overexpressed by many cancer cells and to play key role
in the tumour immunosurveillance escape. We observed a reduction in the cells’
expression level of both these enzymes, with almost complete abrogation of CD73 and
IDO1 on prostate cells at high docetaxel concentrations. Surprisingly, the expression level
of both CD73 and IDO1 were significantly increased in EVs compared to cells level,
suggesting that these cells accumulate these enzymes inside EVs that once released, can
modulate the tumour microenvironment.
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These are preliminary results so many questions arise:
-

Does docetaxel affect only IDO1 and CD73 expression levels or other enzymes,
such as CD39, can be affected?

-

Can other chemotherapeutic agents have similar effect?

-

Are all cancer cells able to accumulate IDO1 and CD73 inside EVs?

-

What specific EVs subpopulations carry these enzymes?

-

Can these EVs promote the differentiation of T-cells in Tregs? If yes, is the
suppression of EVs release enough to block this differentiation process?

-

Hypoxia is a potent modulator of both CD73 and IDO1, so, can hypoxia revert the
effect observed on cells following docetaxel treatment? Does hypoxia impact not
only the amount of EVs release by the cells but even the expression level of IDO1
and CD73 on EVs?

-

Will EVs derived from patient’s serum/plasma show similar results?

Further experiments will be needed to shed light on chemotherapy effect on the tumour
microenvironment.

6.5 Overall summary
In this thesis we broadly investigated the tumour microenvironment and how this affect
and impact prostate cancer growth and progression.
We firstly investigate the effect of the whole cell secretome derived from docetaxel
resistant prostate cancer cells on receiving cell lines. With this, we aimed not only to
understand up to what extent EVs are involved in the transfer of aggressive behaviours
but also investigate the effect of the secretome soluble components. We, thus,
demonstrated that EVs are not the only responsible for the transfer of aggressive
behaviours within the tumour mass and thus, focusing our attention on isolated EVs we
risk losing important factor that may contribute to tumour progression.
We then moved on focusing our attention on isolated EVs. For our porpoise we were in
need to optimise an EVs separation protocol characterised by hight purity and high
recovery rate. We thus evaluated different combination of techniques in order to achieve
our goal. SEC proved to be an inefficient method for our requirements, however Optiprep
density gradient applied directly on concentrated conditioned media proved to be an
extremely powerful tool.
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We thus moved forward trying to pharmacologically inhibit EVs release from docetaxel
resistant prostate cancer cells targeting different EVs production pathways. We
demonstrated that pharmacological inhibition of EVs cannot totally be achieved with any
of the four compounds tested here, as cells activate compensatory effects in response to
the pharmacological stress that leads to a change in the EVs sub-populations released.
However, as shown in this project, favouring the release of specific EVs subsets compared
to normal EVs pool it is possible to reduce EVs effect within the tumour mass.
We finally showed that EVs can accumulate enzymes responsible for the formation and
maintenance of the immunosuppressive tumour microenvironment and thus they might
play pivotal roles in cancer immunosurveillance escape.
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