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Abstract 
 

Background: Breast cancer is the major kind of cancer among women in the United Kingdom. 

To treat radio-/chemo-resistant cancer as well as advanced illness, novel medicines are 

necessary. Oncolytic viruses (OV) are naturally cytotoxic and infect and kill tumour cells 

whilst sparing healthy tissues. The full mechanism by which this occurs remains to be 

elucidated, but it may in part be mediated by extracellular vesicles (EVs). EVs are nanosized, 

membrane-enclosed vesicles that contain molecular cargo. EVs can be taken up by cells, for 

instance immune cells, at local or distant sites, causing phenotypic changes in the recipient 

cells. We hypothesise that infection of breast cancer cells with an oncolytic virus causes release 

of EVs carrying viral and immunogenic cargo that leads to activation of anti-tumour immunity. 

Methods: To determine this, we infected breast cancer cells lines MCF-7 and MDA-MB-231 

with the herpes simplex virus (HSV1716). EVs were isolated from the OV conditioned medium 

of infected cells and control cells by differential ultra-centrifugation (dUC). Characterization 

of these EVs' physical properties in order to determine the size ranges and rates of EV 

generation in breast cell lines and investigation on the oncolytic potential of EV-OV was 

carried out using Nanoparticle tracking analysis (NTA), Transmission electron microscopy 

(TEM) and mass spectroscopy. The antitumour efficacy of purified EVs was tested in an 

immunocompetent mouse model of mammary cancer using the luciferase labelled triple 

negative breast cancer cell line E0771. 

Results: EVs were isolated from MCF-7 and MDA-MB-231 cells after infection with OV, 

these are typically exosome-like with a diameter of ~150 nm. The purified EVs expressed 

exosome markers including CD9, CD63, TSG101 and carried viral and immune cargo. These 

EVs were internalised by breast cancer cells and inhibited tumour cell migration in vitro. 

Furthermore, systemic delivery of EVs derived from OV (EV-OV) infected breast cancer cells 

was able to inhibit primary tumour growth and pulmonary metastasis in vivo, more effectively 

that OV given alone. 

Conclusion: This indicates that EVs generated from cells that have been infected with OV may 

have antitumour characteristics. The use of EV-OV as a treatment with other cancer 

medications, such as immune checkpoint inhibitors, which may attract and activate T cells, 

changing a "cold" tumour into a "hot," tumor might lead to the creation of a new therapeutic 

approach for treating breast cancer. 

file:///C:/Users/admin/Desktop/Thesis%20correction/Original%20Hyfa%20PhD%20thesis%2010%20July%202022%20-%20Hyfa%20A%20Alzahrani%20DL%20(5).docx
file:///C:/Users/admin/Desktop/Thesis%20correction/Original%20Hyfa%20PhD%20thesis%2010%20July%202022%20-%20Hyfa%20A%20Alzahrani%20DL%20(5).docx
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1.1 Breast cancer 

Breast cancer is the most often diagnosed disease in women worldwide, with around 2.3 million 

new cases expected in 2020. (Łukasiewicz et al., 2021). As the name suggests, breast cancer 

refers to the abnormal growth of breast cells, leading to a lump or tumour with unique cellular 

and molecular roots. It is classified into two broad categories: invasive ductal carcinoma 

(originating from milk-producing ducts' cells) and invasive lobular carcinoma from lobules or 

other epithelial tissues or cells in the breast (Łukasiewicz et al., 2021).  

Regarding breast cancer diagnosis, magnetic resonance imaging (MRI) and mammography are 

the most commonly used methods for detecting breast cancers. The combination of these 

technologies has a sensitivity of between 92% and 100% and a specificity of between 51% and 

71%, according to the study (Berg et al., 2012, Shao et al., 2013). However, when compared 

to mammography, breast MRI has emerged as a more sensitive technique for identifying ductal 

carcinoma in situ (DCIS) (Pinker, 2020). According to Waks and Winer most breast cancers 

are diagnosed when an abnormal lump or mass is discovered in a woman's breast. Although 

nipple and breast skin changes can also be an early indicator of breast cancer, such cases are 

considered rare (Waks and Winer, 2019). Breast cancer cells can be detected in the axillary 

lymph nodes, breast tissues, or other distant body parts during diagnosis. The information of 

where these cancer cells are located helps classify the disease into stages, from stage I to IV, 

with IV being the most advanced stage (metastatic breast cancer). When cancer has progressed 

to stage IV, it has moved beyond the breast and into other vital organs such as the lungs, bone, 

liver, and brain, and the disease is now considered incurable. (Sun et al., 2017). 

1.1.1 Subtypes of breast cancer 

Breast cancer is classified into four subtypes: hormone receptor-positive, ERBB2-positive 

(previously called HER2-positive), hormone receptor-negative, and triple-negative 

(McDermott et al., 2020). This classification is determined by the presence or lack of a number 

of different proteins in breast cancer cells. For instance, hormone-receptor-positive cancer is 

recognised from other types of cancer by the presence of oestrogen receptor (ER) or 

progesterone receptor (PR) protein in the cancer cells. It accounts for about 80% of all invasive 

breast cancer cases and is associated with a better prognosis and more favourable 

clinicopathologic features than other subtypes (Dauphine et al., 2020). Treatment for this breast 

cancer subtype usually involves hormone therapy, whereby drugs are used to block the 

hormones from supporting the growth and functioning of breast cells or reduce estrogen or  
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progesterone levels. Their tendency to grow slower than hormone receptor-negative means that 

those with this type of breast cancer have a better short-term outlook than their counterparts. 

However, Dauphine and colleagues note that hormone receptor-positive breast cancers can 

reoccur many years after treatment. As their name suggests, ERBB2-positive/ HER2-positive 

cancers are distinguished by the presence of the protein human epidermal growth factor 

receptor 2 (HER2), which encourages the growth of cancer cells in the breast. Research 

indicates that this subtype accounts for about 15% to 20% of invasive breast cancer cases (Prat 

et al., 2020, Waks and Winer, 2019). Its tendency to grow and spread faster than HER2-

negative means significant clinical concern due to its aggressiveness and poor prognosis. 

However, they have been found to respond well to medications that target the HER2 protein 

and anti- ERBB2 therapy. For instance, studies have demonstrated that Lapatinib is primarily 

effective at inhibiting cancer cells that overexpress ERBB2 tyrosine kinases, thus preventing 

the activation of cellular signals that enhance the survival and multiplication of cancer cells 

(Waks and Winer, 2019). 

The hormone receptor-negative subtype is characterised by the absence of estrogen and 

progesterone receptors in the cancer cells (Prat et al., 2020). This characteristic means that 

hormone therapy is ineffective for such cancers. Research also indicates that this subtype of 

breast cancer progresses faster than the hormone receptor-positive one and is more common in 

women who are yet to reach menopause (Waks and Winer, 2019). The final breast cancer 

subtype (triple-negative) is characterised by the lack of estrogen and progesterone receptors 

and the ERBB2 protein in the cancer cells. It is usually invasive and often starts in the breast 

ducts. Research indicates that it accounts for about 15% of all breast cancer cases (Perrier et 

al., 2018, Waks and Winer, 2019). Like the hormone receptor-negative subtype, TNBC, or 

triple-negative breast cancer, is a kind of breast cancer that cannot be cured using hormone 

therapy or drugs that inhibit HER2/ ERBB2 protein because they do not contain the two 

hormone receptors. However, other alternatives such as radiation therapy and chemotherapy 

can be used (Perrier et al., 2018, Kwan et al., 2021b). 

 

1.1.2 Current treatment strategies for breast cancer 

 The treatment strategy or plan for breast cancer is influenced by the biology and the behaviours 

of the tumour because some tumours are small but progress rapidly. In contrast, others are large 

and move slowly. According to Łukasiewicz et al treatment strategies are personalised and 

heavily dependent on the following factors: breast cancer subtype, stage, genomic markers, the 
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presence, or absence of known mutations in inherited breast cancer genes, such as BReast 

CAncer gene 1 (BRCA1) or BReast CAncer gene 2 (BRCA2), and the patient's history, 

including age, overall health, preferences, and menopausal status (Łukasiewicz et al., 2021). 

Although breast cancer treatment is personalised, some general steps are followed when 

dealing with early-stage and locally advanced breast cancer. For instance, surgery is frequently 

advised for ductal carcinoma in situ (DCIS) and early-stage invasive breast cancer to remove 

the tumour (Minami et al., 2020, Sonnenschein and Soto, 2016). The purpose of surgery is to 

remove of surgery is to remove all the visible tumours in the breast, but microscopic cells can 

be left unattended, increasing the probability of reoccurrence. To this end, systemic treatment 

using drugs are recommended after surgery (Łukasiewicz et al., 2021, Sonnenschein and Soto, 

2016). 

After surgery, the next step involves lowering the recurrence risk by getting rid of any 

remaining cancer cells in the body (Sonnenschein and Soto, 2016). These cells cannot be 

detected using the current approaches, but they are strongly linked with recurrence because 

they grow over time. Therefore, adjuvant therapy, which includes radiotherapy, targeted 

therapy, chemotherapy, and hormonal therapy, is recommended after surgery. Other treatment 

options such as radiotherapy, chemotherapy, targeted therapy, and hormonal therapy are 

recommended to manage the disease when breast cancer is inoperable. Recurrent cancers are 

treated based on the initial treatment and the subtype involved (Waks and Winer, 2019). 

Besides the conventional strategies described above, immunotherapy is a novel approach to 

treating cancer, particularly those with a high genetic burden (Zhang and Plitas, 2021). The 

rationale for using immunotherapy to treat breast cancer is based on several factors, including 

the fact that treatments such as chemotherapy are costly to the patient because they require 

growth factor usage. Chemotherapy is also toxic and associated with adverse effects on many 

organs and side effects such as hair loss, vomiting, neuropathy, myeloid cell suppression, and 

others. Another factor is that hormone therapy, a non-targeted treatment option like 

chemotherapy and radiotherapy, is linked with a high risk of serious negative effects (Simonian 

et al., 2021). These limitations have increased the demand for targeted therapies to improve the 

sustainability of breast cancer treatment. As observed by Simonian et al targeted treatments 

such as immunotherapy are currently the best option for fighting cancer. Immunotherapy works 

by targeting specific proteins, which stimulates the body's immune system, allowing it to detect 

and eradicate malignant cells (Simonian et al., 2021). 
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1.2 Overview of oncolytic virotherapy  

Oncolytic viruses, or OVs, have considered as a promising novel immunotherapy for the 

treatment of cancer in recent years. Oncolytic viruses are naturally occurring, or genetically 

modified viruses designed to destroy cancer cells by discerningly replicating within them 

without harming the normal cells (Uche et al., 2021). The idea of using these viruses for cancer 

treatment was conceived in the 1950s when oncolytic virus preparations were used to treat 

hundreds of cancer patients using almost every possible route. Although the patients' immune 

systems usually halted the viruses, some tumours regressed, especially those 

immunosuppressed (Li et al., 2020a). Further, OVs can be modified to stimulate anti-tumour 

immune responses within the host to increase tumour cell death (Achard et al., 2018). 

One of the fundamental features of OVs is their ability to infect different cell types, which has 

been established by several OVs that have natural specificity for tumour cells (Howells et al., 

2017). The properties of tumour cells make them attractive to OVs as they avoid detection and 

elimination by the immune system and resist apoptosis and translational suppression, all of 

which prevent viral infection and spread (Russell et al., 2012). 

Herpes simplex virus type 1 (HSV-1) is the most often employed OV in clinical settings, 

followed by adenovirus and vesicular stomatitis virus (VSV). Although a significant number 

of genetically and naturally occurring oncolytic viruses have been developed, most of them are 

still in their clinical research stages as cancer therapies such as T-VEC (GM-CSF) in 

combination with Ipilimumab and Nivolumab and T-VEC (GM-CSF) in combination with 

Pembrolizumab (Chaurasiya et al., 2021). The first OV approved by the FDA was Amgen's T-

VEC (an oncolytic HSV-1 expressing granulocyte macrophage colony stimulating factor) in 

melanoma (Almstätter et al., 2015, Li et al., 2020a). Likewise, In China, the H101 adenovirus 

has been authorised for the treatment of head and neck cancer. (Garber, 2006, Yuan et al., 

2003). Both viruses are given to patients via direct tumour injection, this is because delivery of 

OV systemically is challenging due to rapid clearance of the virus by the immune system. Our 

research group and many others are investigating ways to overcome this so virotherapy can be 

used to treat all cancer types particularly those in inaccessible sites (Nutter Howard et al., 

2022). 
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1.2.1 The mechanism of action of HSV on tumour cells 

Herpes simplex viruses are members of the Herpesviridae viral family's Alphaherpesvirinae 

subfamily. Many HSVs are used in cancer therapy, including HSV1716, G207, G47, and T-

Vec, which is a deliberately replicating oncolytic HSV type I virus that replicates in rapidly 

proliferating cells but not in terminally differentiated cells.  The virus has a 150 kbp linear 

double stranded DNA (dsDNA) genome that encodes at least 84 polypeptides and causes 

genital warts and cold sores. (Liu and Zhou, 2007, Whitley and Roizman, 2001, Piret and 

Boivin, 2011, Simmons, 2002). This PhD focuses on herpes simplex virus (HSV-1) as shown 

in Figure (1.1). Genetically modified HSV that may trigger immune-mediated elimination of 

tumour cells (Kaur et al., 2012). Research shows that this virus replicates in tumour cells that 

are rapidly dividing, including melanoma, human embryonal carcinoma and non-small cell 

lung carcinoma in vivo and in vitro studies (Mace et al., 2008). ICP-34.5 protein from 

HSV1716 has been deleted. ICP-34.5 allows the virus to destroy healthy cells. Therefore, 

deleting such a gene ensures that the virus can no longer multiply in normal tissues. (Benencia 

et al., 2008). HSV replication in breast cancer starts after the viral genome has been deposited 

in an environment where the production of viral genes and viral genome replication is 

supported (Oku et al., 2021, Rode et al., 2011). In most cases, this process involves the 

introduction of viral DNA into the host cell's nucleus. The viral genome is separated from the 

cellular environment with a capsid (Rode et al., 2011). However, the ability to discharge the 

genome from its protective location must be retained at the appropriate time they received into 

the nucleus. The mechanism under which a virus enters the nucleus differs from one virus to 

another, with most of them applying the stepwise disassembly of protective layers (Jean Beltran 

et al., 2018, Oku et al., 2021). 

HSV is also one of the viruses that apply stepwise disassembly. The interaction between the 

viral envelope and the cell membrane usually causes the envelope to come out of the capsid. 

Much of its tegument also disconnects from the capsid after the entry and during the movement 

to the nucleus. The tegument disconnects from the capsid called loosely associated tegument, 

while the one that remains in the capsid is referred to as tightly associated tegument. Once it 

reaches the nucleus, HSV capsids are attached to the nuclear pore complex (NPC) through 

interaction with Nup358. This attachment causes a protease to cut the tightly associated 

tegument, leading to a change that produces the viral DNA (Jean Beltran et al., 2018, Copeland 

et al., 2009). 
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Figure 1.1: An illustration of the particle structure of the Herpes simplex virus. (Biorender). 

 

1.2.2 Development of oncolytic HSV in clinical trials 

Liu et al provide a comprehensive review of clinical trial results with oncolytic virotherapy. 

The review summarizes and interprets data from clinical reports over the past century, 

including safety, efficacy, and biological endpoints (viral and immunological). Systemic safety 

and efficacy were demonstrated for some virotherapeutics (Liu and Kirn, 2007). One of the 

most important points was that oncolytic viruses, unlike other therapeutics, are not cross-

resistant; their response to virotherapy is species and tumor-specific. Moreover, preclinical and 

clinical trials of HSV HF10's genomic signature as a cancer therapy, for example,  are still in 

the early stages of development, but there are limited directions for future research focusing on 

HF10 (Eissa et al., 2017). A recent study by (Kwan et al., 2021b) examined the treatment of 

breast cancer with oncolytic virotherapy based on barriers and current progress. It reported that 

there have been numerous preclinical attempts to explore the use of oncolytic virotherapy in 

breast cancer, but these have not resulted in meaningful clinical trials. The review assessed the 

potential and barriers to the use of OV in breast cancer, among which the limitations of 

monotherapy and the potential of combination therapy, improving viral delivery, and the 

challenges faced by the breast cancer population (Kwan et al., 2021b). Clinical trials for 

oncolytic HSV have been greatly advanced. For example, 50 patients with advanced malignant 
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melanoma received intratumorally injected T-VEC is an engineered HSV that expresses 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Eissa et al., 2018). This is 

likely to result in immediate tumour oncolysis, with GM-CSF expression increasing tumour 

vascular closure and anti-tumour immunity. Table 1.1 provides a list of the main HSVs that 

have been completed as well as those that are currently being studied in clinical studies. Only 

two projects out of the six presented in the table are completed. The relevance of these works 

for the present study lies in the fact that they highlight recent developments in the field. Based 

on these previous studies, many of which are still ongoing, as well as some others reported 

earlier, the present study analysed the major research questions. In addition, the present study, 

therefore, established the need for continued research to address pertinent issues. 

Table 1.1: Oncolytic virus in clinical studies 

 

 

Name Virus References Status  

H101 Adenovirus (Liang, 

2018) 

H101, a genetically altered adenovirus 

serotype 5, was approved in China 2006 

for the treatment of nasopharyngeal 

cancers 

T-VEC HSV1 (Andtbacka 

et al., 

2015) 

in 2015, T-Vec, a modified HSV, was 

approved in the United States for the 

treatment of advanced melanoma  

Teserpaturev 

/G47Δ 

HSV1 (Frampton, 

2022) 

It has been authorised in Japan for the 

treatment of malignant glioma and is now 

in clinical research for the treatment of 

prostate cancer (phase II), malignant 

pleural mesothelioma (phase I), and 

recurrent olfactory neuroblastoma (phase 

I). 

Adenovirus  (Haller et 

al., 2020) 

AdV-tk + Valacyclovir Treatment in 

Combination with Pancreas Cancer 

Surgery and Chemoradiation 

 

 

1.2.3 The role of HSV in tumour microenvironment (TME) 

Besides from cancer cells, the tumour mass is made up of a variety of cellular and subcellular 

components. These comprise immune cells, cancer-associated fibroblasts (CAFs), extracellular 

matrix (ECM) proteins as well as resident stromal cells including fibroblast and endothelial 

cells, together known as the tumour microenvironment (TME) (Belli et al., 2018). Tumour 

formation, progression and metastasis are greatly influenced by the immunosuppressive 
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network formed by interactions between cancer cells and TEM components (Hanahan and 

Coussens, 2012). Crucially, immunosuppression in the TEM may lead to a suboptimal 

therapeutic response and treatment resistance. Due to the obvious important role played by the 

tumour microenvironment (TME) in cancer, much effort has been devoted to the development 

of medicines that target components of the TME. One significant example is the therapeutic 

effectiveness of immune checkpoint inhibitors (ICIs), which drug that work to restore anti-

tumour T-cell activity (Martins et al., 2019). The use of Oncolytic viruses (OV) to destroy 

cancer cells is a novel approach of immunotherapy that is being explored (De Vries et al., 

2015). OV have the ability to change immunologically cold tumour to make it 

immunogenically ‘hot’. This can provide an opportunity to activate the tumour 

microenvironment and make the tumour more responsive to immunotherapies like the 

checkpoint inhibitors described above. Bourgeois-Daigneault et al. showed the cytopathic 

activity of the combined treatment involving Rhabdovirus Maraba-MG1 and Paclitaxel in the 

EMT6, 4T1 and E0771 murine breast cancer models (Bourgeois-Daigneault et al., 2016). They 

reported the prolonged survival by controlling the tumour growth. Another study conducted by 

Tan et al. showed the effect of combination therapy of oncolytic herpes simplex virus HF10 

and bevacizumab against a human breast carcinoma xenograft (Tan et al., 2015). They revealed 

that bevacizumab increased the viral growth and distribution of HF10 virus, expanded the 

tumour hypoxia and apoptotic cell population in the target tissues, thereby showing the great 

promise of the OV based combined therapy in treating the breast cancer. Of note, as this was a 

xenograft model it was not possible to assess antitumour immunity. 

The dysfunctional interferon pathway is the hallmark of the tumour microenvironment, due to 

which, OV can easily infect cancer cells to perform their biological function that is to kill 

tumour cells and activate a suppressed immune system. Under normal growth conditions, 

tumour cells develop ability to escape from the immune system by causing mutations in 

antigens expressed by tumour cells (immuno-editing) (Guo et al., 2017). The immunogenic 

action of OV is stimulated due to viral mediated immunogenic cell death, which involves the 

activation of T lymphocytes and dendritic cells. In fact, OV cause destruction of cancer cells, 

thereby releasing antigens into the micro-environment which are recognized by the immune 

system, generating immune responses thus disrupting the immuno-editing process. Infection of 

tumour cells with OV stimulates release of cytokines and subsequent activation of immune 

responses which turn the “cold” tumour micro-environment into a “hot” tumour micro-

environment (Sivanandam et al., 2019). 
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The cold tumour micro-environment is characterised by a silenced immune system and release 

of mutated antigens which are unrecognisable by the immune cells, while the hot tumour 

microenvironment is characterised by a release of specific antigens from the tumour cells which 

are identifiable by the immune system (de Gruijl et al., 2015, Ferguson et al., 2012). This can 

lead to creation of long-lasting anti-tumour immunological memory with protective effects 

against relapse. The basic principle behind the efficacy of OV infection as an anti-tumour 

therapy is the conversion of the ‘cold tumour microenvironment into ‘hot’ which would be 

ideal in breast cancer as shown in Figure (1.2) (Kwan et al., 2021b). However, one of the major 

challenges with OV is delivery of the virus to the target tissue due to development of immune 

response against viral infection (Ferguson et al., 2012). 

 

Figure 1.2: Breast cancer tumour microenvironment. This illustration describes the effect 

of HSV on the microenvironment on the development of cancer. 

(https://www.criver.com/eureka/about-us)  (Biorender) 

 

As mentioned earlier so far, clinical studies with OV have mainly relied on direct injection into 

the tumour. Nevertheless, this is not possible for tumours that are located deep in the body and 

are therefore not easily accessible (Chaurasiya et al., 2018). The ideal route of administration 

would be via the circulation so that inaccessible tumours or metastatic tumours can be reached. 

However, this can provoke the immune system to attack the virus limiting viral efficacy and 

proliferation in the target oncogenic tissues (O`Bryan and Mathis, 2018). The delivery of OVs 

https://www.criver.com/eureka/about-us
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along with chemotherapeutic agents through naturally occurring biological cargo transporters 

can circumvent some of these limitations (Russell and Bell, 2012). Extracellular vesicles (EVs) 

have the ability to transfer biological molecules to tissues located in various parts of the body. 

The lipid membranes of EVs are hydrophobic in nature and can prevent the degradation of 

biological materials packed in EVs (Fukuhara et al., 2016). This PhD investigates the effects 

of delivering OV materials through EV. Below is a description of EV biogenesis, cancer and 

their potential applications.   

1.3 Extracellular vesicles 

EVs play a fundamental role in short range and long-range communication in intercellular 

communication (Bebelman et al., 2018). Whilst the role of EVs is still poorly understood in 

normal physiological conditions, they are well characterised in the pathological state of cells 

(Kalra et al., 2016). Based on the main classification of biogenesis, EVs are subdivided into 

three main classes: exosomes, microvesicles and apoptotic bodies (Figure 1.3). In this review 

of the literature, a detailed discussion of EVs’ their biogenesis, secretion mechanisms, isolation 

methods and techniques for characterization are described. This review also aims to shed light 

on the role of EVs in cancer with an emphasis on breast cancer and the transfer of cancer cargo. 

Ultimately, this PhD project will further investigate if EVs are important in the transfer of OV 

cargo for immune activation on breast cancer.  
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Figure 1.3: Extracellular vesicles: Exosomes, microvesicles and apoptotic bodies. Exosomes 

originate from intracellular endosomes and are around 30-150 nm. Microvesicles and are approximately 

100-1000 nm are released from the cell surface during apoptosis in all eukaryotic cells. Apoptotic bodies 

with size of 1-5 µm are released from the cell surface at the late stage of the apoptosis. (Medeiros et al., 

2020). (Biorender). 

 

 

1.3.1 Biogenesis of the extracellular vesicles 

1.3.1.1 Exosomes 

Exosomes are formed as a result of inward budding of early endosomes, which leads to 

production of intraluminal vesicles (ILVs) and the generation of multivesicular bodies (MVB). 

MVB undergo fusion with the plasma membrane during the late stages of endosome 

maturation, which results in the release of exosomes into the extracellular space. Tumour 

exosomes are thought to play a critical role in the progression of cancer, so it is important to 

understand the mechanism of biogenesis, so that this insight can be utilised to develop 

therapeutic strategies (Bebelman et al., 2018).  
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It has been suggested that multiple mechanisms are involved in the biogenesis of multivesicular 

bodies (MVBs). Three important mechanisms are commonly reported in the literature 

involving lipid-raft based mechanism, ubiquitination-dependent mechanism and the non- 

ubiquitination mechanism (de Gassart et al., 2004). In the lipid-raft based mechanism, neutral 

sphingomyelinase 2 (nSMase2), hydrolyses the sphingomyelin into ceramide which initiates 

the budding into the MVB, thereby generating ILVs (Record et al., 2014). The ubiquitination 

dependent formation of MVBs uses the ESCRT complex (this includes ESCRT-0, ESCRT-I, 

ESCRT-II, ESCRT-III), which is responsible for recognition and recruitment of ubiquitinated 

proteins into the ILVs at the late stage of endosomal maturation. ESCRT-I and ESCR-II are 

implicated in generating involution in the MVB membrane, while ESCRT-III is involved in 

restriction of the budding neck of the MVB membrane with the help of ATPase VPS4. As 

explained previously, MVBs may fuse with either lysosomes or the plasma membrane to 

degrade their contents or release EVs (Van Niel et al., 2018, Kalluri and LeBleu, 

2020).However, it is not clear whether the MVBs produced as a result of the ubiquitination 

mechanism are destined for lysosomal degradation or fusion to the plasma membrane for 

exosomal release. TSG101 is a member of the ESCRT and is a common EV exosome/marker 

and plays a critical role in endosomal sorting. This suggests that MVB produced by the ESCRT 

mechanism release exosomes (Schöneberg et al., 2016, Cesselli et al., 2018). 

The non- ubiquitination mechanism involves the interaction between syndecan (heparan 

sulphate proteoglycan), and ALIX protein associated with ESCRT-III through an adaptor 

protein, syntenin, thereby giving rise to a syndecan-syntenin-ALIX complex. The syndecan-

syntenin-ALIX complex is implicated in trimming of chains of heparan sulphate, sorting of 

components into ILVs and production of exosomes (Roucourt et al., 2015, Thompson et al., 

2016). Taken together, the above suggests that different mechanisms of biogenesis might be 

involved in sorting specific cargo into EVs or generating subpopulations of vesicles carrying 

specific cargo. A further ESCRT-independent mechanism that tetraspanins may be able to 

activate without the involvement of ubiquitination, ESCRT, or ceramides is possible(van Niel 

et al., 2011, van Niel et al., 2015). In this process, the tetraspanin CD63 is necessary for ILV 

synthesis and subsequent EV release (van Niel et al., 2011, Hurwitz et al., 2016). while ESCRT 

or ceramide deficiency has no effect on EV secretion or cargo sorting (van Niel et al., 2015). 
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1.3.1.1.1 Release of exosomes 

After the development of MVB, they might be either directed towards the lysosome or 

autophagosome for degradation or travel to the plasma membrane for release of exosomes. The 

ISGlyation of ESCRT-I signals the fusion of the MVB to the lysosome, which suggest that 

post-translational modification of protein cargo in ILVs determines the fate of MVB for 

lysosomal fusion. ISGlyation is the process of expression of interferon stimulated gene 15 

(ISG15) and its conjugation to targets such as ESCRT-1 protein and protein kinases R. 

Exosome secretion defects caused by ISGylation are reversed by inhibiting lysosomal activity 

or autophagy. However, if the cell undergoes starvation, this leads to fusion of MVB to the 

autophagosome (Villarroya-Beltri et al., 2016). 

In the absence of starvation or ISGlyation signals, the MVBs are destined to fuse with the 

plasma membrane and the subsequent release of exosomes into the extracellular space. The 

movement of MVB towards the plasma membrane is facilitated across the microtubule network 

by the Kinesin motor coupled with RAB7 and Arl8 protein complexes. RAB27 or RAB35 are 

responsible for docking of MVBs on the inner surface of the plasma membrane. The exocytosis 

of exosomes is mediated by the N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE) protein complex (SNAP23, Syntaxin-4 and VAMP7) from the donor cells (Wei et 

al., 2017, Verweij et al., 2018). The SNARE complex was previously reported to be implicated 

in tumour cell invasion by increasing cell membrane permeability and growth (Willms et al., 

2016). Raja et al. showed that SNARE caused overexpression of STX1A and VAMP2 (SYB2) 

in bladder cancer derived from patients, which might be involved in increasing the membrane 

permeability and cell growth (Raja et al., 2019). Hence, it can be argued that processes involved 

in cancer invasion are also involved in exosomal release (Verweij et al., 2018, Edgar et al., 

2016). 

1.3.1.2  Microvesicles 

Microvesicles, also known as MVs, are another kind of extracellular vesicle (EV). MVs are 

released from the plasma membrane, but instead of having internal membranes, they contain 

cytosolic material. (Meckes Jr and Raab-Traub, 2011). According to some studies, they are 

larger and more heterogeneous in size than exosomes, ranging from 100 to 1000 nm (Sims et 

al., 1988, Hind et al., 2010, György et al., 2011, Grant et al., 2011). As they have different 

sizes, it has been postulated that various mechanisms are involved in producing MV. They 

either pinch off or bud directly from the plasma membrane. The nano-sized microvesicles 



25 
 

containing cell surface proteins can be produced through the ESCRT machinery similarly to 

exosomal production (Wang and Lu, 2017). Likewise, ceramide containing microvesicles are 

generated through the action of acid sphingomyelinase (aSMase), which is similar to nSMase2 

involved in ILV development, which suggests a role for sphingomyelinase in the development 

of MVBs and plasma-membrane derived EVs (Bianco et al., 2009). Another mechanism for 

microvesicles biogenesis is the constant blebbing of non-apoptotic cellular membranes, often 

observed in aggressive tumour cells, including Walker carcinoma and melanoma (Keller and 

Bebie, 1996, Cunningham et al., 2013). These membrane blebs are released as microvesicles 

into the extracellular membrane through the action of cytoskeletal rearrangements which 

causes restriction of the budding neck of vesicles (Schlienger et al., 2013, Sedgwick et al., 

2015).   

1.3.1.2.1 Release of microvesicles 

Several factors are involved in the release of microvesicles into the extracellular space. 

Phospholipase D is activated by ADP-ribosylation factor-6 (ARF-6), followed by recruitment 

of extracellular signal-regulated kinase on the surface of plasma membrane, leading to the 

activation of myosin light chain kinases which in return results in the release of microvesicles. 

Another mechanism that can cause the release of microvesicles is the complex of ESCRT-1 

and arrestin-1 domain containing protein (tetrapeptide protein) (Nguyen et al., 2017, Nabhan 

et al., 2012, Abels and Breakefield, 2016). 

1.3.1.3  Apoptotic Bodies 

Apoptotic bodies are produced as a result of membrane blebbing mediated by contraction and 

relaxation of cellular membrane. The actin-myosin driven process of membrane blebbing is 

considered central for production of apoptotic bodies (Taylor et al., 2008, Cotter et al., 1992). 

Apoptotic bodies are blebs of membrane bound vesicles that are pinched off from cells 

undergoing programmed cell death as separate vesicles, similar to macrovesicle biogenesis. 

(Cotter et al., 1992). Moss and co-workers described the active role of concentration in 

microtubules in the late phase of apoptotic bodies to give rise to stable vesicles (Moss, 2006). 

They reported that if the microtubule cytoskeleton is disrupted, then the process of apoptotic 

body development is prevented, suggesting the key role of microtubule skeleton in formation 

of active bodies (Moss, 2006).  
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1.3.1.3.1 Release of apoptotic bodies 

Apoptotic bodies range in size 1-5 µm and are released by dying cells, facilitating their 

breakdown into subcellular components (Ihara et al., 1998). Apoptotic bodies are phagocytosed 

after being released in extracellular space by macrophages, parenchymal cells, or neoplastic 

cells. Tingible body macrophages are macrophages that engulf and digest apoptotic cells. Tiny 

bodies are pieces of nuclear debris produced by apoptotic cells (Blander, 2017, Jiang and Poon, 

2019). 

1.4 Isolation of EVs 

The main subtypes of EVs (microvesicles, exosomes, and apoptotic bodies) share overlapping 

physical characteristics (e.g. size and density) making their separation highly challenging 

(Liangsupree et al., 2021). EVs are usually fractionated from complex biological fluids and 

some components, such as lipoproteins, viruses, and chylomicrons, have similar densities and 

sizes to EVs, hence making density- and size-based isolation complicated (Liangsupree et al., 

2021). Since EVs have potential for biomarker discovery crucial for diagnosing different health 

conditions, a high level of isolation is required as well as high purity isolates for therapeutic 

purposes such as immunotherapy and drug delivery. This makes EV isolation and separation 

critical in the diagnosis and treatment of various diseases. Isolation and characterisation of EVs 

helps to discover the effects of cell origins or states on the composition of EVs. This knowledge 

is crucial, especially in understanding tumour progression, because carcinogenic materials are 

shuttled by EVs, which makes them more attractive as biomarkers for cancer prognosis and 

diagnosis (Liangsupree et al., 2021, Konoshenko et al., 2018). Different techniques are used in 

the isolation and separation of EVs, which are broadly classified according to the three isolation 

principles, affinity, charge, and size-based techniques. Some of the popular EV isolation 

techniques include differential Ultracentrifugation (dUC), density gradient (DG), ultrafiltration 

(UF), size-exclusion chromatography (SEC) (Liangsupree et al., 2021, Gandham et al., 2020) 

and precipitation (Ryu et al., 2020). While each of these techniques has its own advantages in 

isolation, research recommends a combination of different techniques for more robust isolation 

(Liangsupree et al., 2021, Gandham et al., 2020).  

 

Differential ultracentrifugation (dUC) and density gradient (DG) ultracentrifugation are the 

most widely used and well-known technique for EV isolation. Successive centrifugation at high 

centrifugal speeds enables the removal of dead cells and cellular debris, followed by EV 
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population enrichment. Théry, one of the pioneers in this area, published a thorough strategy 

for isolating EV populations (Théry et al., 2006). In summary, large EVs (e.g., APOs) are 

pelleted at 2,000 x g, MVs at 10,000 x g, and exosomes at 100,000 x g. Washing of pelleted 

EVs is accomplished through resuspension and a subsequent second round of pelleting. dUC 

has been used successfully to isolate various EV populations (Menck et al., 2013, Crescitelli et 

al., 2013). Numerous groups have reported minor modifications to this approach throughout 

the years, such as centrifugation force and time. Interestingly, such modifications have been 

shown to significantly modify the sedimentation patterns and efficiency of EVs produced from 

various cell lines (Jeppesen et al., 2014). Furthermore, it has been demonstrated that the 

quantity and purity of dUC-isolated EVs are strongly impacted by the rotor type and 

centrifugation period (Cvjetkovic et al., 2014). Differences in isolation procedures used and a 

lack of standardisation may have an effect on the composition and functionality of EVs 

reported. Additionally, dUC does not permit complete segregation of EV populations, as some 

smaller EVs pellet at lower centrifugal forces and vice versa. As a result, variability within 

isolated populations occurs, making it extremely difficult to analyse EV subtypes using dUC 

solely. As a result, density gradient flotation (DG) has been used in the EV area to improve the 

purity of isolated EVs by removing copurified non-EV material or EV fragments that may 

occur during dUC. DG allows EVs to float in a gradient of decreasing dilutions of viscous 

liquids such as sucrose or iodixanol. EVs move to their (equilibrium) density upon 

centrifugation. The rate of migration or float is dependent on the EV's size, shape, and density. 

 

UF uses membranes with known molecular weight cut-off (MWCO) that ranges from 10 to 

100 kDa in isolation of EVs from diluted samples, including cell cultures and blood 

(Liangsupree et al., 2021). The devices used in UF isolation contain a membrane placed in a 

vessel while filtration is conducted using centrifugal force. A major advantage of UF is that it 

is a simple, faster, and easy-to-use technique; however, it experiences protein contamination 

and loss in EVs. Another related UF technique is Tangential flow filtration (TFF), in which, 

streams of fluids with EV are allowed to flow peripherally by passing through the UF 

membrane (though not directly across); in this process, molecules that are smaller than MWCO 

cross and get discarded while those with larger than the threshold level (for example EVs) are 

left behind (McNamara et al., 2018). Unlike the conventional filtration techniques, TFF does 

not experience clogging in the pores due to cake formation. Besides, TFF is appropriate for 

large scale EV isolation from diluted samples because, unlike SEC, it concentrates EVs 

(McNamara et al., 2018). 
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In SEC, biomolecules are separated based on their hydrodynamic radius using porous media. 

The solution is filtrated through a column of porous beads with smaller radii than the EV of 

interest (Wei et al., 2020, Liangsupree et al., 2021). A major weakness/challenge with SEC is 

that there is the likelihood of sample contamination by other molecules with similar size eluting 

at the same rate (Wei et al., 2020). Besides, the overlap in size between EV categories makes 

it difficult to completely isolate EV samples based on their category. Furthermore, limitations 

in sample volume, the requirement for specialised equipment and column, and the general 

complexity of the technique are also major challenges currently facing SEC (Liangsupree et 

al., 2021).  

1.5 Uptake of Extracellular vesicles and signalling  

EVs may interact with recipient cells in a variety of ways following their release. For example, 

endocytosis, phagocytosis, direct membrane fusion, and receptor/ligand binding are some of 

these (Figure 1.4) (Mulcahy et al., 2014, Van Niel et al., 2018). Specific receptors on the 

surface of cells facilitate the uptake of EVs and triggers intracellular signalling cascades (Van 

Niel et al., 2018). A heterogeneity in EV and membrane composition may facilitate this process 

(Mulcahy et al., 2014). It has been demonstrated that integrins on the surface of EVs facilitate 

uptake by interacting with adhesion molecules on the surface of dendritic cells (Morelli et al., 

2004, Van Niel et al., 2018). In addition, vesicles can fuse directly with the plasma membrane, 

resulting in luminal cargo being delivered to the cytoplasm (Parolini et al., 2009). Alternatively, 

the EVs may undergo "back-fusion" with the endosomal membrane after endocytosis (Van 

Niel et al., 2018). The mechanisms are mediated by clathrin pits or caveolae on the surface of 

the cell, or through more general mechanisms including macropinocytosis and phagocytosis. 

When EVs are internalised within endosomes, they may fuse back with the membrane, 

allowing luminal cargo to be delivered cytoplasmically. Additionally, the endosome may 

undergo lysosomal degradation, resulting in breakdown of the internalised EVs. 
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Figure 1.4: Extracellular vesicles facilitate cell-to-cell communication by transporting bioactive 

substances across the cell membrane (proteins, lipids and nucleic acids). MVs and Exo released 

from secreting cells may be taken up by the target cell through fusion, endocytosis, or they can interact 

with the ligand receptors of the target cell. (Yoon et al., 2014). (Biorender). 

 

 

1.5 Role of EVs in Cancer and Health 

EVs contain ribonucleic acid (RNA), deoxyribonucleic acid (DNA), proteins, lipids, 

metabolites, and glycans from the cell of origin (Luo et al., 2018, Williams et al., 2019). This 

content makes EVs serve critical functions, which include maintenance of homeostasis, cell-

to-cell communication, and different pathological conditions, including cancer. When 

discharged into the biological fluids or extracellular space, EVs are bound to the recipient cells 

and transfer their functional nucleic acid and protein contents to change the phenotype of the 

recipient cell (Salmond and Williams, 2021). Through this communication, EVs play a critical 

role in various physiological processes, which include immune response coordination, 

angiogenesis, and coagulation (Zomer et al., 2015, Wortzel et al., 2019, Hoshino et al., 2015).  
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They also play significant roles in various cardiovascular, neurodegenerative, and 

inflammatory conditions (Howitt and Hill, 2016, Ibrahim and Marbán, 2016, Chan et al., 2019). 

Ibrahim and Marbán et al placed much emphasis on cardiovascular physiology and 

pathophysiology in their study, which sheds light on what is currently known about exosome 

biogenesis and its content (Ibrahim and Marbán, 2016). The authors stressed that several 

questions about the diagnostic and therapeutic potential of these extracellular membrane 

vesicles are currently being investigated. While this study focused on cardiovascular 

physiology in relation to EVs, it is pertinent to remember that breast cancer and heart diseases 

share many of the same risk factors (Catalano and O'Driscoll, 2020). 

EVs are capable of passing through numerous barriers in an organism, such as the central 

nervous system’s (CNS) blood-brain barrier. Due to their ease of mobility, EVs play a vital 

role in ferrying genetic information to cells in health and ailment states. They can affect the 

functioning of a cell located far away from production site (Sjöstrand et al., 2007). EVs help in 

repairing of tissues, developing, and regenerating organ systems (Longa et al., 2017, Vogel et 

al., 2018). On the other hand, EVs can transfer miRNAs or pathogenic proteins, hence 

spreading and exacerbating diseases (Upadhya and Shetty, 2021). Progenitor/stem cell derived 

EVs ferry therapeutic proteins and miRNAs cargoes, which offer protection to cells, reduce 

inflammation and oxidative stress, enhance mood and cognitive functions, and improve 

neurogenesis (Upadhya and Shetty, 2021, Kim et al., 2016). They, therefore, help in repairing 

and regenerating tissues after disease or injuries. Specifically, the microRNAs have been 

identified as important players in breast cancer angiogenesis and therapeutic targets (Hussen et 

al., 2021) 

 

 

The role of EVs in cancer biology is an area that is increasingly attracting the attention of 

researchers. Numerous studies have been conducted to understand the functional roles of EV 

in cancer from as early as the 1980s (Trams et al., 1981). For instance, Galland and 

Stamenkovic successfully separated tumour with antigen-presenting exosomes from tumour 

antigen-pulsed dendritic cells. This study showed that the immunostimulatory effect of EVs 

helped reduce the growth of tumours and, in some instances, complete eradication of tumours 

(Galland and Stamenkovic, 2020). Similar findings were also made in a study by Arkhypov et 

al which established that EVs taken from tumours shuttled tumour antigens to dendritic cells 

and provoked antitumour effects. These discoveries demonstrated the potential of EVs in the 

therapeutic capacity of cancer treatment (Arkhypov et al., 2020). The findings of these previous 
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studies contribute to the ever-increasing need for breast cancer research by laying a strong 

foundation for further study. 

 

 

EVs derived from cancer cells have also been found to promote the ferrying of  protein and 

nucleic acid contents between neoplastic cells to enhance tumorigenic phenotypes. A study by 

Skog et al demonstrated that EVs taken from cancer cells can transfer the mutant Epidermal 

Growth Factor Receptor (EGFR) protein and enhance tumorigenic phenotype in recipient cells 

(Skog et al., 2008). Also, Sabbagh et al observed that glioblastoma cell-derived EVs transferred 

RNA and protein cargo to recipient cells, promoting tumourigenesis and angiogenesis 

(Sabbagh et al., 2020). Also, it has been established that EVs derived from melanoma not only 

train bone marrow progenitor cells but also enhance leaking of vasculature at pre-metastatic 

sites, hence contributing to the creation of the pre-metastatic niche (Peinado et al., 2012). Also, 

EVs taken from pancreatic cancer cells are said to promote the formation of the fibrotic pre-

metastatic environment in the liver via the recruitment of macrophages and education of 

kupffer cells (Costa-Silva et al., 2015). These studies suggest a role for EV in promoting cancer 

development and metastasis. Xavier et al who explained the role of EVs in the hallmarks of 

cancer and drug resistance emphasised that EVs mediate intercellular signalling and 

communication, allowing the intercellular exchange of proteins, lipids, and genetic materials. 

They emphasised that EVs play an important role in maintaining physiological balance (Xavier 

et al., 2020). However, their study placed a focus on the most recent data supporting the notion 

that EVs play a role in increasing cell proliferation and escape from apoptosis, maintaining 

angiogenesis, and modifying the tumour microenvironment. Of particular importance, was 

their special emphasis on the role of EVs in the transfer of drug-resistant traits and to the EV 

cargo responsible for this transfer, both between cancer cells or between the microenvironment 

and tumour cells. However, one of the major concerns is the lack of a thorough understanding 

of the role of tumour EVs in the genesis, progression, metastasis, and treatment resistance, 

which is crucial for the creation of novel EV-based therapeutic strategies for cancer. Thus, 

applied medicine has benefited from the understanding that extracellular vesicles are crucial 

for cell signaling and can easily penetrate biological barriers. A more in-depth study will be 

necessary, however, based on the preliminary findings. This strengthens the need for further 

research to assess the implication of breast cancer extracellular vesicles transfer viral cargo 

following oncolytic virotherapy (Kakiuchi et al., 2021). 
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1.6  Hypothesis and Aims 

Oncolytic viruses (OV) are naturally cytotoxic and infect tumour cells whilst sparing healthy 

tissues. More importantly, OV induce anti-tumour immunity most likely via the exposure of 

tumour antigens. The full mechanism by which this occurs remains to be elucidated, but it may 

in part be mediated by extracellular vesicles (EVs). EVs can be taken up by cells, for instance 

immune cells, at local or distant sites, causing phenotypic changes in the recipient cell. Here, 

we propose to investigate if EVs are responsible for shuttling immunogenic cargo in response 

to oncolytic virotherapy. Our hypothesis is that infection of breast cancer cells with an 

oncolytic virus causes increased release of EVs carrying immunogenic cargo that leads to 

activation of anti-tumour immunity. 
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2.1 Materials and methods 

2.1.1 Chemicals and Reagents  

Table 2.1: Chemicals and reagents used in this study 

 

Reagent Company 

(50 to 100 I.U./mL penicillin and 50 to 100 (μg/mL) 

streptomycin.)  

Lonzo BioWhittaker Ltd 

10% v/v Foetal Bovine Serum (FBS)  Lonzo BioWhittaker Ltd 

Paraformaldehyde Sigma Aldrich 

Dimethyl Sulfoxide (DMSO)  Sigma Aldrich 

DMEM-E12 Lonzo BioWhittaker Ltd 

 (2 mM L -glutamine) Lonzo BioWhittaker Ltd 

4',6-Diamidino-2-Phenylindole,Dihydrochloride 

(DAPI)   

Invitrogen 

 

Phosphate Buffered Saline Lonzo BioWhittaker Ltd 

Roswell Park Memorial Institute (RPMI) Medium  Lonzo BioWhittaker Ltd 

TO-PRO-3 Thermo Fisher 

Trypan blue Sigma-Aldrich 

TWEEN 20 Thermo Fisher Scientific 

Trypsin/EDTA Sigma-Aldrich 

 

RIPA buffer Merk Millipore, 

Massachusetts, USA 

iblot gel transfers kit - nitrocellulose Bio-Rad 
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Protease inhibitor  Roche, Burgess Hill, UK 

Universal nuclease Thermo Fisher Scientific 

mitomycin C Sigma 

Total exosome isolation (from serum) Invitrogen 

 

2.1.2 Equipment and Apparatus  

Table 2.2: Equipment and aapparatus and used in this study. 

Equipment and apparatus Company 

LSR II Flow cytometer BD Bioscience 

Incubator SANYO 

light microscope Olympus 

Bench centrifuge SANYO 

Laminar airflow hood Heraeus 

Automated Cell Counter   BIO-RAD 

Micropipette Eppendorf 

Plate reader Thermo Scientific 

Water bath Grant 

Coverslips Scientific Laboratory Supplies 

Tissue culture flasks 75cm2; 175cm2 Thermo Fisher Scientific 

Mr. Frosty™ Freezing Container  Thermo Scientific 

Cryovials  Sigma-Aldrich 

Polycarbonate (ultra- Centrifuge bottles) Beckman Coulter 

0.22 µm syringe filter  Millex-GP 
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Exosome spin columns (MW 3000) Invitrogen  

µ-Slide 8 well glass bottom (ibidi) 

 (Amicon Ultra-15 Centrifugal Filter Unit) 

 

Millipore 

 

2.1.3 List of Antibodies 

Table 2.3: Primary antibodies used in this study. 

Antibody Clone Supplier Dilution Expected 

weight 

(kDa) 

Rabbit anti-CD63 EPR5702 Abcam 

Cambridge, UK) 

(1 :1000) 26-65 

Rabbit anti-CD9 EPR2949  Abcam 

(Cambridge, UK) 

(1 :2000) 24 

Anti-PPP6C/Ppv EPR8764 Abcam (1 :1000) 35 

Anti-Pentraxin 3/PTX3 EPR6699 Abcam (1 :1000) 42 

Anti-HSV1716 sheep 

mAb  

 Virtuu Biologics 

Ltd 

(1:10,000) - 

Anti-Vimentin antibody 

[EPR3776] - 

Cytoskeleton Marker 

ab92547 

EPR3776 Abcam (1 :1000) 54 

GM130 Recombinant 

Rabbit Monoclonal 

Antibody 

 

ARC0589 Invitrogen (1:500) 130 
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Purified mouse Anti-

TSG101 

51/TSG101  BD Biosciences 

New Jersey, 

USA) 

(1:500) 44 

HSV-1/2 Gb (10B7) Sc-56987 SANTA CRUZ (1 :1000) 130 

B2M EP2978Y Abcam (1 :1000) 14 

 

Table 2.4: Secondary antibodies used in this study. 

Antibody Supplier Dilution 

Anti-rabbit IgG, HRP-linked 

antibody  

   Cell signaling (1:2000) 

Rabbit-antimouse IgG antibody 

(HRP) 

   Gene Tex (1:5000) 

Donkey Anti-goat IgG H&L 

(HRP) 

   Abcam (1:1000) 

m-IgG Fc BP-HRP     SANTA CRUZ (1:1000) 

 

2.1.4 List of software 

Table 2.5: Software used in this study. 

Software Supplier 

Fiji https://imagej.net/Fiji 

Flow Jo TreeStar Inc 

GraphPad Prism 7.04 Graph Pad Inc. 

Panther gene list analysais http://pantherdb.org/ 

Image Scope x64 https://aperio-imagescope-

x64.software.informer.com/12.4/ 

 

https://imagej.net/Fiji
http://pantherdb.org/
https://aperio-imagescope-x64.software.informer.com/12.4/
https://aperio-imagescope-x64.software.informer.com/12.4/
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2.1.5 Culturing of breast cancer cells 

Breast cancer cell lines (MCF-7 and MDA-MB-231) were obtained from the ECACC. 

Adenocarcinoma cell line MDA-MB-231 was obtained from a 51-year-old Caucasian 

metastatic breast cancer patient's pleural effusion. MDA-MB-231 is a triple-negative breast 

cancer (TNBC) cell line without HER2 receptors for the human epidermal growth factor, 

progesterone, and oestrogen. Oestrogen receptor-positive MCF7 cells were derived from 

Caucasian breast adenocarcinoma patients (Table 2.6). T75 flasks (Fisher Scientific®) were 

used to culture MCF-7 and MDA-MB-231 cells, and 70-80% confluent cells were sub-cultured 

in RPMI 1640 medium with 2mM L-glutamine  and 10% (v/v)  Foetal Bovine Serum (FBS). 

Cultured cells were incubated at 37 ˚C and 5% v/v CO2 in an incubator. A standard aseptic 

procedure was adopted in sterile class II laminar flow hood to culture the cells. To allow proper 

air circulation, the laminar airflow cabinet was switched on 30 min before use. The equipment 

and laminar airflow cabinet were sterilized with industrial methylated spirit (IMS). T75 or 

T175 flasks were used to maintain the cell lines in complete cell growth medium at 37 ˚C and 

5% v/v CO2. The cells were daily monitored to ensure contamination-free growth. The 

complete growth medium was added every 48 h until the cells had 70-80% confluence for sub-

culturing.  

2.1.6 Passaging of mammalian cells  

Cells at 70% confluency were twice washed with 10 ml magnesium and calcium-free DPBS to 

remove residual serum from the cells that could later interfere with the trypsin activity. The 

trypsinization of the cells was carried out with 0.05% (v/v) trypsin-EDTA solution. Trypsinized 

cells were detached from the flask surface by incubating for about 2-5 min at 37 ˚C and 5% v/v 

CO2. Magnesium and calcium were removed from the cell surface by adding a mixture of 

trypsin and EDTA. The trypsin hydrolyses the specific peptide bonds to detach the cells from 

the flask surface. The cell culturing flasks were examined under the microscope and sharply 

knocked to release the cells. Prolonged trypsin exposure results in cell death, which can be 

differentiated by abnormal morphology. In order to inactivate the trypsin, 7.5ml of complete 

medium with 10% (v/v) FBS serum and a protease inhibitor were added to the cell culture. The 

solution was thoroughly mixed with a pipette and centrifuged for 5 min at 1000 x g. The 

supernatant was discarded, and the cell pellet was resuspended in complete medium (5 ml). 

This process facilitated the production of 70% confluent cells at specific dates. 
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Table 2.6: Cell lines and characterisation of the cells 

Cell line Category Cell type Tissue Disease Stage Culture 

medium 

MCF-7 Human  Epithelial  Breast; 

Mammary 

gland 

Adenocarcinoma ER+, PR+ 

HER2- 

RPMI-

1640 

MDA-MB-

231 

Human  Epithelial  Breast; 

Mammary 

gland 

Adenocarcinoma ER-, PR- 

HER2- 

RPMI-

1640 

Vero Animal 

African 

green 

monkey 

Epithelial  kidney Normal - DMEM-

F12 

E0771 Animal 

(C57BL/6 

mice) 

Eepithelial-

like 

Breast; 

Mammary 

gland 

Carcinoma; 

Breast 

ERα-, 

ERβ +and 

PR + 

IMDM 

 

2.1.7 Cryopreservation and retrieval of cells  

The cells were cryopreserved in liquid nitrogen until they were utilised. To avoid the 

development of ice crystals during the freezing procedure, the cells (1x106 cells/ml) were 

resuspended in a mixture containing 10% DMSO and 90% FBS. Cryovials containing 1 ml 

cells were put in cell freezing containers (Mr. Frosty) and gently frozen at -80 °C for 24 h 

before being transferred to liquid nitrogen. To recover the cells from liquid nitrogen, the 

cryovials were immediately defrosted in a 37 °C water bath. To remove DMSO from the 

medium, the defrosted cells were centrifuged for 5 mins at 1000 x g for 5 mins. In a T25 flask, 

the cells were resuspended in pre-warmed 37 °C and 5 ml growth media. The flask was 

incubated at 37 °C and 5% v/v CO2. After 24 h, new growth media was introduced, and cell 

growth was observed until confluency before further passaging. 
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2.1.8 Mycoplasma testing of cell-lines. 

A regular mycoplasma test was carried out by Ms. Svetlana Solovieva at the department of 

Oncology and Metabolism University of Sheffield shortly after the arrival of cell lines in the 

laboratory. The cells were regularly tested for mycoplasma every six months, especially after 

retrieving the frozen cells. The conditioned medium (5ml) of samples was collected and placed 

in a universal container for testing. Mycoplasma contamination was examined by using EZ 

PCR Mycoplasma Detection Kit. The PCR results of mycoplasma testing are shown in Figure 

2.1. 

 

 

Figure 2.1: PCR based mycoplasma detection results. Lane 1 = 100 bp ladder , samples from lane 

2 to 15, from lane 6 to lane 15 unrelated samples,, Lane 2= MCF-7, Lane 3= MDA-MB-231, Lane 4= 

EO771, Lane 5= Vero cells. Lane 16= negative control (sterile endotoxin-free water), Lane 17= gap, 

Lane 18= Kit positive control, Lane 19= gap and Lane 20= In house positive control for mycoplasma 

test (inconclusive) 

.  

 

2.1.9 Cell counting  

A TC20TM automated cell counter was used in order to achieve an accurate counting of the 

total number of cells. After mixing the 10 µl of resuspended cells with 0.4 % (v/v) trypan blue 

at a ratio of 1:1, 10 µl of the resulting mixture was then placed onto a counting slide. The 

automatic cell counter determined the overall number of cells as well as the number of viable 
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cells present in the sample. Trypan blue can only be absorbed to a limited extent by live cells 

because their cell membranes are neither disrupted nor dissolved, which allows trypan blue to 

enter the cell. Trypan blue cell exclusion assay is widely used with an automated cell counter 

as it is an accurate, reliable, and rapid technique. However, the occasional fusion of dye with 

viable cells is a potential weakness of this technique (Avelar-Freitas et al., 2014). 

 

2.1.10 Depletion of bovine EVs from FBS 

Prior to EV separation, it is vital to guarantee that no vesicles from other sources are present 

that might contaminate the completed product. It has previously been shown that foetal bovine 

serum (FBS) is a probable source of these contaminated vesicles (Gardiner et al., 2016). This 

is a problem since cells must be grown in either serum-free or EV-depleted media. Amicon 

Ultra-15 Centrifugal Filter Unit was used to separate EVs from FBS purchased from Gibco and 

centrifuged at 3000 g for 1 h before being filter with a 0.22 m filter and used to supplement 

RPMI-1640 culture medium with the same additives. Nanoparticle tracking analysis was 

conducted to compare the results of EV depletion methods. RPMI-1640 supplemented with 

10% v/v FBS, 10% v/v EV- depleted FBS and EV-depleted medium by adding 10% v/v EV-

depleted FBS  depicted a decrease in particle count from 4.30E+10 to 4.69E+07 particle/ml 

and zero, respectively (Figure 2.2). 
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Figure 2.2: FBS particle concentration in unprocessed serum, in-house depleted Serum 

(centrifugation for 1 h at 3000 g), and EV-depleted medium. The serum was diluted to a final 

concentration of 1 in 50 and filtered through a 0.22 μm centrifugal filter unit. Samples were analysed 

by NTA. One-way ANOVA with Dunnett's multiple comparisons test correction revealed fewer 

particles in in-house serum. N=6 technical replicates; error bars= SEM. 

2.1.11 Viral infection 

Herpes Simplex Virus 1716 (HSV 1716) (Virttu Biologics, Glasgow) was suspended in 

Dulbecco's Modified Eagle's Medium to make the stock solution. The stocks were supplied in 

PBS at a concentration of 108 plaque forming units/ml and kept at -80°C. 

MDA-MB-231 and MCF-7 cells were seeded at a density of 10 x 106 cells in a T175 flask and 

incubated at 37 °C for 24 h. Following that, cells were placed in RPMI-1640 media containing 

free serum and infected with HSV 1716 at MOI 1. Before removing the culture media, the 

infected cells were cultured for 4 h at 37 °C in an incubator with 5% v/v CO2. The cells were 

washed with PBS to remove viral particles that had not entered the cells before being cultured 

in RPMI-1640 supplemented with 2mM glutamine and 10% v/v EVs-free FBS. Without the 

addition of HSV 1716, untreated cells behaved similarly. Prior to collecting conditioned media, 

both control and infected cells were cultured for 48 h. 
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2.1.12 Extracellular vesicle collection 

2.1.12.1 Conditioned medium 

MCF-7 and MDA-MB-231 Cells (10×106) were seeded in 175 cm culturing flasks containing 

EVs depleted medium and incubated for 48 h at 37 °C and 5% v/v CO2. The conditioned 

medium was collected after 48 h in 50 ml falcon tubes. 

2.1.12.2 Differential centrifugation 

The EVs were extracted from the MCF-7 and MDA-MB-231 conditioned medium according 

to Théry et al by centrifuging at 300 x g for 10 min to eliminate cell debris. The supernatant 

was centrifuged for 10 min at 2,000 x g to remove apoptotic bodies and the microvesicles were 

removed by centrifugation at 10,000 x g for 30 min (Théry et al., 2006). Further centrifugation 

was carried out at 100,000 x g for 90 min to pellet exosome as shown in (Figure 2.3). Beckman 

T70 Ti rotor to achieve the pellets of small EVs, which were either resuspended in PBS and 

kept at -20˚C or resuspended in RIPA buffer and stored at - 80 ˚C for downstream studies.  

 

Figure 2.3: A diagram of an ultracentrifugation procedure. To eliminate cell debris, 10 min of 

centrifugation at 300 x g., the supernatant was centrifuged for 10 min at 2,000 x g to remove apoptotic 

bodies. Centrifugation at 10,000 x g for 30 min was used to remove microvesicles. A further 90 min 

centrifugation at 100,000 x g was performed to pellet exosome for further investigation, the pellet is 

resuspended in phosphate buffered saline (PBS). (Biorender) 

2.1.13 Transmission Electron Microscopy (TEM)  

The Transmission Electron Microscope (TEM) was used by the Department of Biomedical 

Sciences and was operated at 120kV with an Orius 1000 camera. Studies using the TEM 

technique were carried out at Sheffield University with the assistance of Chris Hill from the 

Department of Biomedical Science. 



44 
 

2.1.13.1 Preparation of samples 

2.1.13.1.1 Fixation 

To prepare samples for electron microscopy, the following approach was used, which was 

reported by Théry et al. Care was taken at each step to ensure that the grids remained moist on 

the membrane side while remaining dry on the other side (Théry et al., 2006). After 

resuspending the EV pellets in 50 μl of 2% paraformaldehyde (PFA) fixative, they were kept 

on ice. For each sample, three 8 μl droplets of the PFA suspended EVs were deposited onto a 

square of parafilm on a petri dish. A 200 mesh formvar coated grid was then placed membrane 

side down on each drop using a pair of forceps. After that, the grids were allowed to sit for 

twenty mins in a dry atmosphere so that adsorption could take place. After that, the grids were 

given a single washing in PBS by floating them with the membrane side down in a 100 μl drop 

that was placed on the parafilm. Following the glutaraldehyde treatment, the grids were washed 

in distilled water for 2 min each using flotation on drops on parafilm. Following the wash 

processes, the grids were contrasted and immersed for 5 min in a 50 μl drop of pH 7 uranyl-

oxalate solutions, followed by 10 min in a 50 l drop of 9:1 (v/v) 2% methylcellulose: 4 % 

Uranyl acetate solution on ice. The grids were allowed to air dry prior to being stored, and then 

any extra liquid was removed from them by gently blotting them with Whatman no. 1 filter 

paper. The grids were photographed at a voltage of 80 kV using a Tecani Spirit G2 imaging 

system. 

2.1.14 Nanoparticle tracking analysis (NTA) 

The concentration and size of the exosomes were measured using Zetaview PMX 120 

instrument (Particle Metrix, Malvern Panalytical Ltd., Malvern, UK). The instrument uses the 

488 nm laser which detects properties of Brownian motion and light scattering in order to 

measure the exosomes suspended in the liquid medium. NTA was performed according to the 

instructions provided by the manufacturer. Briefly, the purified exosomes samples were diluted 

in PBS were and passed through the sample chamber of the instrument, and 3 movies of 60 

seconds each were obtained, which were analysed by NanoSight particle tracking software to 

generate the sizes and concentrations of the particles in each movie. The experiment was 

repeated in triplicate, and the afore-mentioned procedure was performed for each experiment. 

The measurements from three experiments were averaged to order to calculate the sizes of the 

particles. 
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2.1.15 Plaque assay 

2.1.15.1 Preparation of cells 

Vero cells (2× 105) were seeded in a 12-well plate and recommended growth medium (DMEM-

F12) was added. Cells were incubated overnight at 37 ºC and 5% v/v CO2 in a humidified 

incubator.  

2.1.15.2 Dilutions and Infections 

Before infection, the cells were washed with Dulbecco's Phosphate-Buffered Saline (DPBS) 

and the growth media was removed. The diluted virus was added to each well (Figure 2.4) by 

following multiple wells per dilution method. Viral adsorption was carried out by incubating 

the cells for 2 h with gentle swirling after every 30 mins. The process ensured an even coverage 

and prevented the drying of the cellular monolayer. Then, the inoculum was removed and 

washed with a basal medium. 

 

 

Figure 2.4: Serial dilution of HSV-1716 stock. Initially, the test tubes were filled with 0.9 mL of 

mixing reagent. Then, 0.1mL of the original sample was added into the first test tube to make a volume 

of 1.0 mL. The virus sample was further diluted by 1-10fold. The serial dilution was continued until the 

original virus sample was diluted to 108. The serial dilution was carried out because the original virus 

sample was too concentrated. (Biorender). 

Cell infection was carried out for 2 h. 4% sterile agarose was prepared in dH2O by autoclaving 

at 121˚C for 20 mins. An appropriate volume of immobilising medium was directly overlayed 

to the inoculums in the well at a ratio of 1:10 (1 part of plaque media and 9 parts of 

immobilising overlay of agarose). The plates were gently rocked to mix the contents and 

incubated for 72 h.  
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2.1.15.3 Cell Fixing and Staining  

After 72 h, a fixing solution containing 4% formaldehyde was prepared in dH2O (3 ml of 37% 

stock formaldehyde mixed with 27 ml of dH2O). The solution was incubated for 1 h and agarose 

plugs were removed by using a spatula. Then, the cell monolayer was washed with PBS. To 

prepare a crystal violet stain, 2.5g Crystal Violet (CV) was mixed in 500 ml dH2O. The cell 

staining was carried out by covering the cells for ~15 min with a minimal amount of crystal 

violet solution. The plates were gently rocked to ensure even coverage. Crystal violet stain was 

gently washed off with water. Once fixed, stained, and dried, the plaques were stored for future 

analyses. 

2.1.15.4 Determining Viral Titers 

The plaques in each well were counted and an average of technical replicates of the same 

dilution was calculated. For large plate formats, the wells were represented as fewer than five 

or greater than 100 plaques. Plaque size and morphology were carefully noted. The negative 

control with a uniform monolayer was used as a reference control. The viral titer of the stock 

sample was determined according to the following formula: 

Number of Plaques / (D x V) = pfu/ml 

Where D is the dilution factor and V is the Volume of diluted virus/well. 

2.1.16 Assessment of cell proliferation and survival   

Two methods were adopted to determine the cell proliferation including the counting of viable 

cells, and the AlamarBlue assay for measuring the cellular metabolic activity. 

2.1.16.1 Cell counting in response to EVs treatment. 

The impact of EVs on MDA-MB-231 cell proliferation and growth was assessed by seeding 1 

x 105 cells in 12-well plates. Different EVs concentrations (107, 106, 105, 104 particles/ ml) 

were simultaneously added in the medium containing depleted EVs 10% serum. The cells were 

incubated at 37 °C and cell proliferation was determined after 24, 48, and 72-h through 

trypsinization, and cells were counted.  

2.1.16.2 AlamarBlue Cell proliferation/ viability  

AlamarBlue® Cell Viability Assay Reagent (Thermo Fisher, DAL 1025) quantifies cellular 

metabolic activity and viable cell concentration in each sample. It can also quantitatively 

measure the proliferation of fungi, bacteria, and mammalian cell lines. The REDOX (oxidation-
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reduction) indicator in the dye fluoresces and changes the color after chemical reduction due 

to cell growth. The high stability and nontoxic nature of AamarBlue facilitate continuous cell 

culture monitoring at different intervals. The oxidized form of AlamarBlue is non-fluorescent 

and blue. Cell growth-based chemical reduction turns AlamarBlue dye from non-fluorescent 

blue to fluorescent red. The steady growth of viable cells continuously maintains a reducing 

environment (fluorescent, red) whereas the cell growth inhibition maintains an oxidizing 

environment (non-fluorescent, blue). These conditions are detected through a fluorescence or 

absorbance detector. Cells in the log phase of growth were harvested and counted, which 

revealed an optimal cell count of 5 x 103 cells/ml (cell density). The test compounds were added 

in 96 well-plate with a final volume of 100μl in each well. The plates were incubated at 37 °C 

for 4 h in an incubator to estimate the exposure effect of each test compound. After incubation, 

the assay plates were gently shaken to mix the compounds, and 10μl of AlamarBlue Reagent 

was aseptically added to each well. The positive control wells contained 10μl of ultrapure 

sterile water. Cell cultures with AlamarBlue Reagent were incubated at 37 °C for 4h. After 

incubation, the plates were taken out, and fluorescence was measured at an Excitation 

wavelength of 530-560nm and Emission wavelength of 590nm.  

2.1.17 Scratch (wound healing) assay 

The scratch test was used to evaluate cell migration ability because it may imitate the behaviour 

of tumour cells during in vivo migration. This is a simple, cost-effective, and convenient 

method for in vitro cell migration analysis. However, certain limitations are associated with 

this method as it can only be performed at the confluent cell level and wounding a confluent 

cell monolayer surface can damage the extracellular matrix components (Liang et al. 2007). 

The measuring of gap closure at different intervals quantifies cell proliferation and migration. 

To ensure only the measurement of cell migration, the cell proliferation was reduced by using 

2 µg/ml mitomycin C. A 24-well plate was used to seed all the cell lines (1x105 cells/well) in a 

final medium volume of 500 µl. A confluent monolayer was achieved by incubating the plate 

for a total of 48 h .Then, the medium was replaced with serum-free medium, and cells were 

starved for a further 48 h. Mitomycin C was added to the medium about one h before making 

a straight-line scratch with a pipette tip (p200). To remove floating cells and cell debris, the 

cells were washed once with DPBS (500 µl) and 500 µl medium was added and plates were 

incubated 30 min to equilibrate the stressed cells. Then, the serum-free medium was replaced 

with fresh medium (500 µl) containing 1% serum. Microscopic images (10x magnification) of 

each plate well were captured before and after scratching. The plates were incubated at 37 °C 
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in a tissue culture incubator, and microscopic images were captured at different intervals (0, 6, 

and 24 h). The gap closure and remaining clear areas at each interval (0, 6, and 24 h) were 

assessed by using ImageJ software and compared with the control (0 h). The same procedure 

was repeated for each cell line. The experiments of each cell line were carried out in triplicate 

with three wells per cell line per repeat. The wound closure percentage was calculated 

according to the following equation: 

Wound closure (%) = (width of initial scratch - width of scratch at 0, 6 & 24h) × 100 

                                                            width of the initial scratch  

 

2.1.18 Cell death and uptake of EVs  

HSV1716 or HSV1716-GFP OVs were defrosted on ice for around 15 min. MDA-MB-231 and 

MCF-7 cells were grown in 500 µl serum-free RPMI after being seeded into 6-Well Plates 

(Section 2.1.6) 24 h earlier. Following that, OVs or EVs-OV complexes produced as described 

in Section 2.1.11 were added to the wells at MOI 1 (1 x 108 pfu/ml) and incubated for 4 h at 

37o C preceding the addition of 2.5 ml of complete medium to each well. OVs and cells were 

treated for 24, 48, and 72h respectively. Following the completion of the culture, the cells were 

detached for flow cytometry using trypsin/EDTA and then washed with 2 ml of PBS as 

described in section 2.1.6. 

All samples were placed into 400 µl flow cytometry tubes. Prior to analysis on the FACS 

Calibur, 5µl of the viability dye TOPRO-3 was added to each sample to measure cell death 

(BD biosciences). The findings were analysed using FlowJo® software, and cell death was 

determined by creating dot plots based on a change in fluorescence against FL-4-H. The uptake 

of HSV1716 GFP and EVs by cells was evaluated using variations in forward scatter (FL-1-H) 

and side scatter (SSC-H). GFP expression in the FL1-H channel was used to measure viral 

infection of cells in research employing the HSV1716 GFP. 

2.1.19 Western blot analysis 

The expression of target proteins of different cell lines, used in this study, was examined 

through Western blot analysis. Proteins were isolated from cell lines and culture media. 

Western blot analysis used SDS-PAGE to separate proteins based on molecular weight. These 

proteins were transported to a membrane, and particular antibodies were used to identify target 

proteins. The primary antibody was confirmed by a secondary antibody. The reaction was 
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detected through a band producing chemiluminescent light in the presence of a soluble enzyme-

substrate (Mahmood and Yang, 2012). 

2.1.19.1 Sample preparation and extraction 

80-90% confluent cells were twice washed with cold DPBS (10 ml). Proteins were extracted 

by adding 1 ml of RIPA lysis buffer (0.1% SDS, 25 mM Tris-HCl pH 7.6, 1% NP-40, 1% 

sodium deoxycholate, 150 mM NaCl) mixed with 10 µl protease phosphatase cocktail inhibitor 

(leupeptin, targeting serine, and cysteine proteases) to the cell extracts. These inhibitors 

inactivate or block endogenous phosphorolytic and proteolytic enzymes, released during cell 

lysis, to avoid protein degradation. Then, the cells were incubated with lysis buffer for 5 min 

and continuously shaken on ice to avoid protein degradation. Later, the cells were scraped and 

collected in Eppendorf tubes. Lysed cells were further incubated on ice for 30 mins for 

complete lysis. This step was followed by centrifugation for 15 min at 13000 ×g and 4 °C to 

remove the cell debris. The protein was extracted from supernatants, and just a little amount 

was used in the protein quantification assay. The remaining protein samples were stored at -80 

°C.  

2.1.19.2 Measurement of protein concentration 

A BCA (bicinchoninic acid) protein assay kit was used to measure the protein content of 

samples (Thermo-Fisher Scientific). As stated in Table 2.7, known concentrations of bovine 

serum albumin (BSA) standards (0 to 250 g/ml) were produced in the same buffer as samples. 

Each sample and standard were examined in triplicate, with 10 μl of each placed to a 

microplate. Each well received 200 μl of test reagent (a 50:1 mixture of A and B solutions). 

The plate was covered with a plastic film cover and incubated at 37o C for 30 min. The 

absorbance was measured at 562 nm using a Multimode plate reader EnSight TM after 

incubation. A standard curve was constructed by graphing absorbance values against BSA 

concentrations, and a polynomial equation was used to calculate sample concentration (Figure 

2.5). 
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Table 2.7: BSA preparation 

No. Diluent volume (µl) BSA volume and source (µl) Final BSA concentration (µg/ml) 

A 700 100 of stock 250 

B 400 400 of vial A dilution 125 

C 450 300 of vial B dilution 50 

D 400 400 of vial C dilution 25 

E 400 100 of vial D dilution 5 

F 400 0 0= Blank 

 

 

Figure 2.5: BCA standard curve example. The absorbance readings were plotted against BSA 

concentrations, and a polynomial equation was used to estimate the sample concentrations. This 

established a standard curve, which was then used to determine sample concentrations. 

 

2.1.19.3 Sample preparation and loading 

1x cell lysate volume was diluted to a final concentration of 2 μg protein in dH2O. The solution 

was incubated for 10 min at 95 °C with 1x volume of 2X Laemmli. Laemmli buffer contains 

4% (w/v)(SDS-PAGE) is an electrophoretic method that is used in the field of biotechnology 

to separate proteins according to their molecular weight. In general, proteins are amphoteric 

molecules, which means that they have both positive and negative charges contained inside the 

same molecule , 20% (v/v) Glycerol to increase sample density, 1% (v/v) Bromophenol blue 

tracking dye, 10% 2-mercaptoethanol to reduce disulphide bonds, 0.125 M Tris-HCl (pH 6.8), 

and dH2O. 

2.1.19.4  Electrophoresis and protein transfer 

To determine the molecular weight of each band, the first lane was loaded with 5 µl of precision 
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0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.05 0.1 0.15 0.2

C
o

n
ce

n
tr

io
n

 m
g/

m
l

Absorbance



51 
 

plus protein dual-color standards (MW range: 10-250 kDa). To generate an electric connection 

between electrodes and gel, prepared cell lysates were loaded onto 12% Mini-PROTEAN TGX 

precast gels (BIO-RAD) in a tank containing 1X TGS running buffer (190 mM glycine, 25 mM 

Tris, and 0.01% (w/v) SDS). After 30 min at 120v, the voltage was raised until the blue dye 

flowed off the gel bottom. The gel was then put on top of the iblot cathode's nitrocellulose 

membrane and topped with filter paper pre-soaked in transfer paper. After carefully removing 

the air bubbles, a sponge and anode were added to the stack. Proteins were transferred for 6 

min at 23 V using the Thermo ScientificTM iBlot® Blotting System. 

2.1.19.5 Blocking and antibody incubation  

Pre-stained standards were visually observed to confirm the successful protein transfer to the 

membrane. 1X TBST (100 ml of 10X TBS and 500 µl of Tween-20 0.05% (v/v) in 900 ml 

dH2O) washing buffer was used to wash the membrane. Non-specific binding of antibodies 

was prevented by incubating the membrane for one h in blocking solution (5% (w/v) non-fat 

milk in 0.05% TBS-Tween) at room temperature on a shaker. Then, the membrane was 

incubated with primary Ab (optimum dilution) at 4oC. Each membrane was washed on the 

following day with TBST (5x) for 5 min and incubated at room temperature for one h with an 

appropriate dilution of the relevant horseradish peroxidase (HRP) secondary antibody and 

again washed with TBST (5x) for 5 min. This step was followed by the addition of the 

WASTER SUPERNOVA Chemiluminescent Substrate Kit to the membrane and left for 2 min 

to react. Then, the membrane was imaged using ChemiDoc™ MP System (BIO-RAD). 

2.1.20 Labelling of extracellular vesicles with Alexa fluor 488 

To label EVs, C5-Maleimide-Alexa fluor 488 (2.5 µl) was added to a 30 μl EV aliquot and 

17.5 µl PBS was added to make a final volume of 50 μl. The solution was incubated at room 

temperature for 60 min in the dark (Roberts-Dalton et al., 2017). The Exosome Spin Columns 

(Invitrogen) were prepared in accordance with the instructions provided by the manufacturer. 

During this step, the powdered resin was allowed to hydrate at room temperature for 15–30 

mins. After inserting the spin columns into the collecting tubes, the 750g of material was 

centrifuged for two mins in a swing-out rotor. The collection tubes were discarded and labelled 

EV aliquot was added to the resin. Labelled EVs were collected by centrifuging (750g for 3 

min) the spin columns placed in 1.5 ml Eppendorf tubes. The resin retained the non-

incorporated excess dye that was confirmed from the controls having dye without EVs. 

Labelled EVs (EVs 488) were gently mixed in 1000 μl of phenol red-free DMEM and filtered 
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through 0.22 μm filter (Millex), aliquoted, and stored at −80 °C until required for microscopy 

analysis. 

2.1.20.1 Cell internalization of Alexa488 and labelling of extracellular vesicles in 

breast cancer cell lines 

MCF-7 and MDA-MB-231 cells (5×103) were seeded in 8 well glass bottom (ibidi) and 

cultivated for 24 h to achieve 80–90% confluency. EVs in an imaging media contained 20 mM 

HEPES and phenol-red free DMEM that included 0.05 % w/v BSA were given to the cells at 

a concentration of 2µg ml-1 4h before fixed-cell confocal microscopy was performed.  Cells 

were incubated with the nuclear label DAPI (1: 1000) for 5 min, washed with imaging medium, 

and microscopic images were captured.  

2.1.21 Label-free mass spectrometry 

Mass spectrometry of all the samples was carried out by Dr. Caroline Evans at the 

Chemistry Mass Spectrometry Facility. EV purification from the conditioned medium was 

carried out by ultracentrifugation at 100,000 x g for 1 h. The pellet was resuspended, and a 

compatible detergent (Rapigest) was used for the mass spectrometry of the extracted protein. 

Rapigest detergent generates peptides by reducing, denaturing, digesting, and alkylating the 

proteins. High-performance liquid chromatography (HPLC) was carried out to further separate 

the peptide samples into fractions. Briefly, the peptides were eluted in a HPLC loading buffer 

(0.1 v/v Trifluoroacetic acid, 97% v/v Acetonitrile), and passed through HPLC capillary (0.075 

x 500 mm) from buffer A (0.1% v/v Formic Acid, Water) to buffer B (0.1% v/v formic acid, 

80% Acetonitrile).  

2.1.21.1 Mass spectrometry data analysis  

MaxQuant v1.5.3.30 was used to pre-process the initial mass spectrometry data. The samples 

were compared to a proprietary database of human proteomes. To summarise, group-specific 

trypsin digestion and label-free analytic settings were used to represent label-free data' Type 

Standard Multiplicity 1 no labels'. Methylthio was employed as a global measure to analyse 

the changes in protein structure induced by alkylation and reduction during sample processing. 

To equalise the overall intensity across samples, intensity measurements were transformed to 

LFQ intensity values. Data that has been pre-processed was loaded into Perseus v1.5.2.6 for 

additional analysis. Contaminant proteins were eliminated, and results obtained without labels 

were transformed to a Log2x score. 
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2.1.22 Flow cytometry to assess EVs uptake and cell death in tumour cells MCF-7 and 

MDA-MB-231 

Following an overnight incubation of cells with EVs and HSV1716, flow cytometry was 

utilised to determine EV uptake and cytotoxicity. To detach the cells, trypsin/EDTA was 

employed (Section 2.1.6), and the cell pellet was washed twice in 5ml PBS. The supernatant 

was discarded, and the pellet was re-suspended in 500μl PBS. All samples were placed in 400μl 

flow cytometry tubes. Cell death was determined by adding 2μl TOPRO-3 to each sample 

shortly before to FACS Calibur analysis (BD Biosciences). 10,000 events per sample 

(equivalent to 10,000 cells) were recorded, and FlowJo® software was used to analyse cell 

death by generating fluorescent dot plots based on changes in fluorescence against FL3-H and 

EVs, as well as HSV 1716 uptake based on changes in forward scatter (FSC-H) and side scatter 

(SSC-H).  

 

2.1.23 In Vivo 

2.1.23.1 Murine model of breast cancer  

C57BL/6 female mice were obtained from Envigo when they were 6-8 weeks old and were 

kept in the University of Sheffield Biological Services Unit, where they were cared for in 

accordance with the University of Sheffield code of ethics and Home Office rules. Animal 

study was carried out with the support of Mr Matt Fisher and under Dr Munitta Muthana’s 

Home office project licence (PPL1099883). Mice were given a week to acclimate after arriving 

from the supplier. The following technique was used to inject 1x106 EO771-Luc cells into the 

nipple of mice. Inhalant isoflurane (IsoFlo) was used to anaesthetise mice. They were then 

shaved across the whole abdomen region to expose both nipples (inguinal group), and the skin 

was disinfected with Hibiscrub. Following that, 1x106 EO771 cells (taken from flasks during 

their exponential development phase) were injected into the nipple using an insulin syringe in 

20ul PBS containing 50 % matrigel/50 % PBS/. Mice were checked on a regular basis and 

weighed every three to four days.  The volume of the tumour was measured with callipers and 

recorded every three days using the following equation: 

Tumour volume (mm3) = W2 × L  

                                        2 

For the bioluminescence test, mice were subcutaneously injected for 10 min with 100 L of d-

Luciferin. A non-invasive in vivo imaging equipment was then used to scan the mice (IVIS 
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200 System, Xenogen), while under isoflurane anaesthesia administered through a nasal cone. 

Each group of mice in this research had n=10 animals per group. A power calculation utilizing 

the following equation was used to justify the number of animals: When the tumours reached 

150-200 mm3, the mice were given the following intravenous treatments (i.v.).  

1. Control: Mice were given three injections in total i.v. (13, 15, 17 days) with 100 µl PBS. 

2. EV: Mice were given three injections in total i.v. (13, 15, 17 days) with 100µl labelled EV 

with Alexa flour 488 (30µg).  

3. EV-OV: Mice were given three injections in total i.v. (13, 15, 17 days) with 100µl labelled 

EV-OV with Alexa flour 488 (30µg).  

4. HSV-1716 (OV): Mice were given three injections in total i.v. (13, 15, 17 days) with 100µl 

HSV1716 GFP at 107 pfu/ml. After receiving therapy, 5 mice from each group were culled 

after 24 h and the remaining mice were culled after 72 h by cervical dislocation, and the organs 

and tumour were removed and kept in liquid nitrogen for post-mortem examination. 

2.1.23.2 Tissue preparation of samples for post-mortem analysis 

Tumours were divided into two groups immediately after being removed from the mice. One 

of them was placed in cryobuffer (90 % FCS with 10 % DMSO) and frozen in liquid nitrogen 

until it was utilized for flow cytometry, RNA extraction for NanoString technology. Optimal 

cutting temperature (OCT) was used to embed the remaining half of the tumours, which were 

then frozen at -80oC in preparation for cryosectioning. Frozen slices (14 microns thick) were 

cut for Haematoxylin and Eosin staining. 

2.1.23.3 Dissociation of EO771 cells tumours 

Prior to freezing tumour pieces and washing 3 times with DPBS, ice-cold DPBS containing 

2% FCS (FACS buffer) was produced. Tumor chunks were then incubated for 30 min using a 

rotator in a warm environment with 5ml enzymatic dissociation solution comprising 0.2 mg/ml 

collagenase, 2 mg/ml dispase, and 1.25ug/ml DNase I in serum-free Iscove's Modified 

Dulbecco's Medium (IMDM) (37oC). The scattered material was then passed through a 40-70m 

nylon filter after 10 % FBS was added to neutralise the enzymes in the medium. The cell 

solution was then filtered and centrifuged at 4500 rpm for 5 min before being washed three 

times in 500μL DPBS for flow cytometry (see 2.2.20.4).  
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2.1.23.4 Preparation of tumour cells for flow cytometry  

Tumour pieces were dissociated as described in section 2.1.22.3. The cell pellet was 

resuspended in Zombie UV viability dye (1μL in 100μL) and incubated on ice for 45-60 min. 

After washing the samples twice with 500μL of FACS buffer (50ml DPBS with 25μL FCS), 

the cell suspension was centrifuged at 4500 rpm for 5 min in a microcentrifuge. Finally, 

samples were resuspended in 300μl of FACS buffer (1 %FBS/PBS solution) and transferred to 

flow cytometry tubes (400μl). The BD LSR II flow cytometer was used to quantify Alexaflour 

488 labelled EVs and HSV1716-GFP. FlowJo software was used to further process the data 

sets. 

2.1.23.5 Cytokine Protein Level Expression Analysis with Cytokine Bead Array 

(CBA) 

Mice were infected with OV, EV-OV, and EV alone, in addition to the control group as was 

detailed in section 2.2.20.1 On day 21, the serum was obtained by separating it from mice 

blood. After that, CBA was carried out in order to evaluate the levels of expression of a number 

of different cytokines the following cytokines were purchased from BD Biosciences (IL-2, IL-

10, IL-12, IL-4, and MCP-1, TNF, and IFN-Y). Multiplex beads are coated with antibodies to 

cytokines in this experiment. 

Following this, the antibodies bind to and remove the cytokines from the serum of mice. In 

order to determine the cytokine concentrations in each sample, an Attune Autosampler 

was used. Two vials of standard were included in the CBA Flex Set, along with one vial of 

both the Capture Bead and the PE Detection Reagent (reporter). The protein concentration of 

the standard was 10,000 pg/ml, and it was reconstituted in 4.0 ml of assay diluent. To protect 

the prepared components from light exposure, they were kept at 4 °C. The fluorescent signal 

that is produced by the binding complex between the antibody and the cytokine reflects the 

concentration of the analyte that is present in the test matrix. For the purpose of determining 

the amount of each analyte present in the sample being tested, standard curves were created. 

Of note, the samples were kindly run on the Attune by the flow team.  

 

2.1.23.6 Haematoxylin and Eosin staining 

Tumours and lung pieces were fixed for 10-20 min in acetone (methanol 50:50 mix (kept in 

freezer) or methanol alone). After washing twice in PBS, the sections were put in Gill's 

Haematoxylin solution for 1 min before being rinsed in tap water for 5 min until the water ran 
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clear. Slides were immersed in 70% ethanol for 3 min, then in 90% ethanol for another 2 min. 

These parts were then immersed in eosin (2g eosin dissolved in 400ml 95 %ethanol) for 1 min 

before being rinsed in 100% ethanol for 5 mins. After that, the slides were mounted using DPX 

mounting media. The slides were scanned using an Aperio ScanScope CS with a 40x objective 

lens. 

2.1.23.7 Isolation of labelled EVs from serum  

Following the treatments outlined in the section 2.2.20.1. 24 h after the infection blood samples 

were obtained from all treated groups of C57BL/6 mice, and the blood was allowed to clot at 

room temperature for 15-30 min (Figure 2.6). After that, the blood was centrifuged at 3000 xg 

for 10 min, and the top liquid layer, known as serum, was collected. To remove debris from 

the serum, it was centrifuged at 2000 xg for 30 min at room temperature. After transferring the 

cleared serum, 200ul of the total exosome isolation solution was added on serum. The samples 

were mixed and incubated for 30 min at 2-8 ° C. Following incubation, the samples were 

centrifuged for 10 min at 10,000 x g at room temperature. Supernatant was removed; an 

exosome pellet was collected from the bottom of the tube and resuspended 50ul in 1x PBS; and 

the isolated exosomes were stored at -20 ° C for long-term storge. 

 

 

Figure 2.6: Isolation of labelled EVs from blood serum collected from treated mice. (Biorender). 
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2.1.23.8 Nano-Flow Cytometry (NanoFCM) 

For the simultaneous detection of side scatter (SSC) and fluorescence of individual particles, a 

NanoAnalyzer U30 instrument manufactured by NanoFCM Inc. was utilised. This instrument 

was equipped with dual 488/640 nm lasers as well as single-photon counting avalanche 

photodiode detections (SPCM APDs). Bandpass filters enabled the collecting of light in certain 

channels (SSC = 488/10; FL1 = 525/40; FL2 = 670/30), respectively. A gravity feed was used 

to provide HPLC-grade water as the sheath-fluid, which resulted in a reduction in the sample 

core stream diameter ~1.4 µm. The measurements were obtained at a sample pressure of 

1.0kPa, which was maintained by an air-based pressure module for the duration of the one-min 

measurement period. Every sample was diluted to the point where the particle count was 

brought down to an acceptable level between 2,000 and 12,000 per min. During the process of 

sample acquisition, the sample stream is fully illuminated within the central region of the 

focused laser beam. This results in a detection efficiency of approximately one hundred 

percent, which in turn leads to accurate particle concentration measurement via single-particle 

enumeration. In order to calibrate the sample flow rate, the concentration of the samples was 

calculated by comparing them to silica nanoparticles with a known concentration that were 250 

nm in size. EV isolates were measured in accordance with the techniques outlined in the 

standard operating procedures using a unique 4-modal silica nanosphere cocktail (NanoFCM 

Inc., S16M-Exo). Using the NanoFCM software (NanoFCM Profession V1.8), a standard curve 

was generated based on the side scattering intensity of the four different silica particle 

populations with diameters of 68, 91, 113, and 155 nm respectively. This curve was used to 

compare the results of the four different silica particle populations. Silica offers a steady and 

monodisperse standard with a refractive index of around 1.43 to 1.46, which is similar to the 

range of refractive indices that have been reported in the literature for EVs (n = 1.37 to 1.42). 

The laser was adjusted to a setting of 10 MW with a 10 % SSC decay. The processing of the 

data was taken care of inside the nFCM Professional Suite v1.8 software, and the statistical 

data, dot plots, and histograms were all delivered in a single PDF. The programme has gating 

that enables proportional analysis of subpopulations that have been segregated by fluorescence 

intensities, with size distribution and concentration data provided for each subpopulation. 

2.1.23.9 NanoString gene expression analyses. 

A murine pan-cancer immune profiling panel was used to conduct the analysis of the gene 

expression profile of EO771 cell tumour samples at Nottingham Trent University's John van 

Geest Cancer Research Centre, which is located in the College of Science and Technology. 
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Using a Nanodrop 8000, we evaluated the quality of each of the RNA samples, and then we 

utilised 150ng of total RNA from each sample to set up the NanoString. Raw data were 

analysed using nSolver Analysis Software (V.4.0), imaging quality control (QC), mRNA 

positive control QC, and normalisation QC were checked, and all of the samples were in 

agreement with the quality criteria of NanoString gene expression assays. In order to perform 

differential expression analysis, route scoring, and cell type scoring, the nSolver advance 

analysis module version 2.0.115 was used. Prior to the calculation of cell-type signature and 

pathway expression scores, normalised gene expression intensities were mean-centered. These 

scores were calculated as the mean average log2 expression intensity for all genes in each 

ontology (annotation), as described in the NanoString document LBL-10094-02 (nCounter 

Mouse PanCancer Immune Profiling Panel Gene List). 

 

2.1.24 Statistical analysis 

GraphPad Prism 7.04 was used throughout each statistical analysis (GraphPad Inc,San 

Diego,CA, USA). The data are shown with the mean value and the standard error of the 

mean (SEM). A variety of statistical analyses, including one-way, two-way ANOVA, Tukey's 

multiple comparisons, and student T tests, have been used. 
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Chapter 3: Characterisation of Extracellular vesicles and 

Extracellular vesicles derived from OV infected tumour cells 

carry viral cargo. 
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3.1 Introduction 

As previously discussed in chapter 1, lipid-bound extracellular vesicles are secreted by cells 

into extracellular space (Yáñez-Mó et al., 2015, Zaborowski et al., 2015).  These vesicles, 

especially exosomes, efficiently transfer signals and biomolecular cargo to distant cells and 

nearby tissues (Mir and Goettsch, 2020, Joshi et al., 2020). Diagnostic, therapeutic, and clinical 

applications of extracellular vesicles are rapidly increasing, and EV based cell-free therapy is 

considered safer and less toxic (Morris et al., 2022). Researchers have discovered the 

therapeutic potential of EVs generated by stem/progenitor cells' secretome (conditioned media) 

as immunomodulatory and anti-inflammatory tools (Kwon et al., 2021). Furthermore, they are 

being examined in the drug delivery research field because they have the potential to be loaded 

with therapeutic cargo and altered for targeted treatment delivery (Kwon et al., 2021). The 

membrane of extracellular vesicles provides an extra shield to the encapsulated cargo (e.g. 

oncolytic viruses, proteins, drugs, nucleic acids), which increases its shelf life (Bunggulawa et 

al., 2018). EVs are a heterogeneous group and are classified according to size and biogenesis 

process. Microvesicles and exosomes are the two primary types. However, the process of 

effectively sorting EVs into these various populations is hampered by a lack of unique, subset-

specific identifiers. As a result, most isolation strategies tend to focus on distinguishing EVs 

based on physical features, with size being the most often used. However, according to 

overlapping size profiles, this is insufficient and cannot be relied on to yield homogeneous 

vesicle preparations. Therefore, the general term "extracellular vesicle" is used to represent this 

uncertainty. Each isolation process is often focused towards enriching a certain EV subtype. 

The isolation procedures used in this study (see section 2.1.12.2) are aimed to enrich for 

exosomes, although it is crucial to note that a mixed EV population will be created and 

therefore these are referred to as EVs. EV production rates and size ranges may be quantified 

using tools like nanoparticle tracking analysis (NTA), and variations in these quantities across 

different breast cancer cell lines can be readily observed. TEM investigations may be utilised 

to confirm the size ranges seen using particle counting tools, as well as to detect any significant 

changes in the morphology of the EVs.  

3.1.1 Hypothesis 

We hypothesise that EVs purified from breast cancer cells following infection with OV carry 

viral cargo. Therefore, when EV from cell lines that have been infected with OV are utilised 
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(referred to as EV-OV) and EV from cell lines that have not been infected with OV are used 

(referred to as EV), this was only done in a "autologous" manner, meaning that EV-OV from 

MCF-7 and MDA-MB-231 only went back onto those two cell lines.  

3.1.2 Aims 

The aim of this chapter was to separate EVs from the culture medium of breast cancer cell lines 

following infection with OV. EVs were purified using the dUC procedures as described in the 

previous chapter (2.1.12.2). A combination of NTA and TEM were used to characterise the 

physical features of these EVs to identify the size ranges and rates of EV formation for the 

breast cell lines. Protein markers that are transported by the EVs generated and the presence of 

viral cargo OV from infected breast cancer cells in purified EVs were identified using western 

blotting. In addition, AlamarBlue was used to determine the toxicity of breast cancer cell 

derived EVs on breast cancer cell lines. Finally, a scratch wound assay was used to determine 

tumour cell migration in response to EVs from OV-infected tumour cells. 

3.2 Results 

3.2.1 OV induced breast cancer cell oncolysis. 

In the first instance we wanted to confirm the oncolytic effect of our virus HSV1716 following 

infection of breast cancer cells and the concentration of virus required to infect breast cancer 

cells without inducing complete cell death.  In brief, MCF-7 and MDA-MB-231 cells were 

seeded into 96-well plates at 5 x 103 cells/well for 24h and then infected with different 

concentrations of virus as follows (MOI 0.1, MOI 0.5, MOI 1, and MOI 5). Non-infected cells 

were used as controls and cells were incubated for 24, 48 and 72 h to estimate the exposure 

effect of each test compound (Kwan et al., 2021b). After incubation, 10 μl of AlamarBlue 

Reagent was aseptically added to each well for 4 h and fluorescence was measured at an 

excitation wavelength of 530 nm on a spectrophotometer. The results showed that the virus 

successfully replicated within the cells, resulting in a significant increase in cell death (Figure 

3.1). MCF-7 cell viability at MOI 0.1 and MOI 0.5 was 74.10%, 80.92% (*p < 0.05), 

respectively compared to the control (untreated cells) at 24h (Figure 3.1 A &B). However, at 

48h the MCF-7 viability significantly decreased further with (MOI 0.5, MOI 1, and MOI 5) to 

45.99%, 33.40%, 33.40% (****P <0.00001), respectively compared to the control (Figure 3.1 

B, C &D). Even the lowest MOI of 0.1 induced cell death 42.65% (***p < 0.0001) at 48 h 

(Figure 3.1A). This might be because the virus's life cycle bursts open at this time and kills 
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the cancer cells. Denes et al demonstrated that the timescale of the replication cycle within a 

culture varies on cell type and infection multiplicity, although as a rough estimate, maximal 

progeny virus yields are reached 24 h after infection for most common laboratory cell types 

infected at a multiplicity sufficient to infect all cells (Denes et al., 2019). At 72h, MOI 0.1 and 

MOI 5 induced some cytotoxicity at 72.45%, 76.91% (*p < 0.05), respectively as compared to 

the control (Figure 3.1 A &D). On the other hand, MOI 0.5 and MOI 1 showed no significant 

difference on cell viability (Figure 3.1 B &C).  

 

 

 

Figure 3. 1: OV infection decreases cell metabolic activity on MCF-7 cells. Cells were seeded at 

5×103 in 96-well plate and incubated with HSV-1716 at MOIs 0.1,0.5,1 and 5 for 24,48&72 h. 

Untreated cells were used as a negative control. Alamar blue reagent (10µl) was added and incubated 

for 4 h before a spectrophotometer measured the absorbance at 530nm. The data represent the ± mean 

SEM of n=3 independent experiments, and statistical analysis was performed using the two-way Anova 

test with multiple comparisons. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 
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Next, we looked at the TNBC cell line MDA-MB-231 at MOI 0.5 and MOI 1 no significant 

differences were observed on cell viability at 24 h (Figure 3.2 B &C). On the other hand, at 

24 h the cell viability was reduced significantly at MOI 0.1 and MOI 5 compared to control (*p 

< 0.05) (Figure 3.2 A &D). Likewise, for MOI 0.1 no significant differences were showed at 

48h (Figure 3.2 A).  However, at MOI 0.5 and MOI 1 and MOI 5 significantly reduced cell 

viability 51.71%, 55.90%, 34.81% (*p < 0.05), (****p<0.0001), respectively compared to the 

control at 48h (Figure 3.2 B, C &D). In addition, at 72h the results observed that no significant 

differences were obtained at MOI 0.1 (Figure 3.2 A). However, MOI 0.5, MOI 1 and MOI 5 

significantly reduced cell viability 47.32%, 51.56%, 34.23% (**P<0.001), (****p<0.0001), 

respectively compared to the control. (Figure 3.2 B, C &D). Together this data shows that both 

cell lines are sensitive to HSV1716, with MDA-MB-231 being more sensitive at all MOIs. For 

our studies it was essential to choose MOI of virus that had an impact but did not destroy all 

cells. so that we could collect vesicles without contamination of apoptotic and necrotic bodies. 

Therefore, MOI of 1 for MDA-MB-231 and MOI 0.5 for MCF-7 were chosen for future studies 

in terms of the dose of drug required to cause at least 50% cell death. 
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Figure 3. 2: OV infection decreases cell metabolic activity on MDA-MB-231 cells.  Cells were 

seeded at 5×103 in 96-well plate and incubated with HSV-1716 at MOIs 0.1, 0.5, 1 and 5 for 24, 48 & 

72 h Untreated cells were used as a negative control. Alamar blue reagent (10µl) was added and 

incubated for 4 h before a spectrophotometer measured the absorbance at 530nm. The data represent 

the ± mean SEM of n=3 independent experiments, and statistical analysis was performed using the two-

way Anova test with multiple comparisons. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 

 

3.2.2 Characterisation of EVs released from MCF-7 and MDA-MB-231 cells after 

ultracentrifugation by nanoparticle tracking analysis (NTA) 

Next, we investigated the size and concentration of the EVs secreted from MCF -7 and MDA-

MB-231 control and infected cells with HSV1716 at MOI 0.5 and MOI 1, respectively. 

Medium from cells was replaced with FBS-depleted medium when cells were 90% confluent 

and supernatant was collected after 48 hrs, for isolation of EVs by differential centrifugation 

(Théry et al., 2006). Supernatants were centrifuged at 300 x g to remove debris, 2000 x g to 

remove apoptotic bodies, 10,000 x g to remove microvesicles and then 100,000 x g to collect 

exosomes. The resulting supernatant was then analysed by NTA. This nanoparticle tracking 

analysis (Zetaview), is an instrument that can be used for measuring particle concentration and 
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size ranges, based on the characteristic movement of nanoparticles in solution as for the 

Brownian motion. There is a camera that can be used to document the particles’ path in a 

specific volume through using a laser to capture the scattered light upon illumination of the 

particles (Defante et al., 2018). The EVs released from MCF-7 showed a particle size ranging 

from 50 to 500 nm in diameter and the mean diameter 50 nm (Figure 3.3A). The concentration 

of MCF-7 derived EVs was 2.88E+8 /ml and whilst EV-OV was greater at 3.59E+8/ml, this 

was not statistically significant (Figure 3.3B).  

Moreover, the EVs released from MDA-MB-231 showed that a particle size ranging from 50 

to 500 nm in diameter and the mean diameter 50nm (Figure 3.3 C). The concentration levels 

of MDA-MB-231 derived EV-OV 4.71E+10/ml were significantly increased compared to 

MDA-MB-231 derived EV 6.9E+9/ml (Figure 3.3D). Interestingly MDA-MB-231s produced 

more vesicles than the MCF7 cells (~3.59E+8/ml vs. 4.71E+10/ml for EVs from treated cells, 

respectively). Garcia et al support our finding, the results of NTA of conditioned media 

demonstrate that treatment of MDA-MB-231 cells with Linoleic acid (LA) results in an 

increase in the secretion of EVs (Garcia-Hernandez et al., 2021). Moreover, our findings are 

similar with the findings of Silva et al who proved that according to NTA study, MDA-MB-

231 cells released the greatest number of extracellular vesicles, followed by the less aggressive 

MCF-7 cells (Silva et al., 2016). NTA data may contain probable contaminants (e.g., particulate 

matter, EV aggregates) and thus exaggerate the number of particles present in a sample (Figure 

3.3 A and C). The graph shows that the average size of MCF-7 and MDA-MB-231 derived 

EVs were close to 150 and 200 nm, indicating that we have successfully enriched for a 

population of small nanosized vesicles, most likely exosomes.  
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Figure 3.3: Analysis of EVs purified from MCF-7 and MDA-MB-231 cells by differential 

centrifugation by NTA. EVs were isolated by differential ultracentrifugation (dUC). A) NTA was then 

performed to determine particle number of MCF-7 derived EV and EV-OV. B) Particle concentration 

of MCF-7 derived EV and EV-OV. C) NTA was then performed to determine particles number of 

MDA-MB-231 derived EV and EV-OV. D) Particle concentration of MDA-MB-231 derived EV and 

EV-OV. The data represent the mean SEM of n=4 independent experiments, with statistical analysis 

performed using the unpaired Student's t-test. 
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3.2.3 Characterization of MCF-7 and MDA-MB-231 derived EVs using transmission 

electron microscopy (TEM) 

Transmission electron microscopy (TEM) was used to confirm the size of the EVs secreted 

from MCF-7 and MDA-MB-231 control and cells treated with OV. dUC was used for 

purification of the EVs released from MCF-7 and MDA-MB-231 cells treated with OV and 

from the control cells. The EVs were processed for TEM by fixation in 3% glutaraldehyde, 

then adsorbed on to formvar coated EM grids, and were negatively stained using uranyl acetate 

and uranyl oxalate before imaging with a Tecani Spirit G2 microscope. The released EVs either 

from OV MCF-7 and MDA-MB-231 treated cells or from the control cells bore the artefactual 

cup-shaped morphology associated with membrane bound vesicles. These vesicles had a 

diameter range of 30-160 nm (Figure 3.4 A & B) which broadly agrees with NTA data. 

 

Figure 3. 3: Transmission electron microscopy of MCF-7 and MDA-MB-231 derived EV and EV-

OV. EVs were extracted from the culture medium of confluent MCF-7 and MDA-MB-231 cells using 

dUC and resuspended in PBS.  The final suspension was frozen at -20ºC. After being fixed in 3% 

paraformaldehyde, both were adsorbed on formvar coated EM grids and negatively stained with uranyl 

acetate and uranyl oxalate before being imaged with a Tecani Spirit G2 microscope. EVs were visible 

with intact membrane structures (see arrows) and were typically between the range of 30-150 nm A. 
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MCF-7 derived EV and EV-OV B. MDA-MB-231 derived EV and EV-OV. A student’s T-test was 

carried out on n=12 biological replicates where data is the Mean and SEM. 

3.2.4 MCF-7 and MDA-MB-231 derived EV-OV do not contain contaminating free 

virus.  

Next, we wanted to determine if our purified EVs contained any contaminating free virus that 

could be responsible for observed biological effects in our future experiments. The gold 

standard procedure in virology for measuring the concentration of viruses in a sample is the 

plaque assay (Baer and Kehn-Hall, 2014). This determines the quantity of infectious virus in a 

sample. Vero cells were seeded into 12-well plates (2×105cells/well) with DMEM-F12 growth 

medium and allowed to adhere for at least 24 h. Cells were then treated with the following: 

HSV1716 virus (108 pfu/ml). The viral stock was serially diluted in PBS at concentrations 

ranging from 101 to 108 pfu/ml. MCF-7 and MDA-MB-231 derived EVs or EV-OV at 1× 

107/ml and control untreated cells were used as a negative control. Viral adsorption was carried 

out by incubating the cells for 2 h followed by the addition of 4% sterile agarose in growth 

medium (DMEM-F12) and this was incubated for 72 h. To visualise the plaques, cells were 

stained with Crystal violet. This allows for naked-eye visibility. For MCF-7 results, plaque 

assays showed that only HSV1716 resulted in plaque formation with 2× 107 pfu/ml. (Figure 

3.5 A). Moreover, for MDA-MB-231 results, plaque assays showed that only HSV1716 

resulted in plaque formation with 1.7 × 107 pfu/ml. (Figure 3.5 B). In terms of MCF-7 and 

MDA-MB-231 derived EVs there were no plaques detected in any of the other groups. 

Therefore, these results confirmed that the MCF-7 and MDA-MB-231 derived EV-OV samples 

do not contain contaminating free virus (Figure 3.5 A and B). 
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Figure 3. 4: Breast cancer cells derived EV-OV do not contain contaminating free virus. Vero cells 

2×105 grown in 12-well plates are inoculated with 100 μl of HSV-1716 (108 pfu/ml). The virus stock 

was serially diluted in PBS at concentrations ranging from 101 to 108. A) MCF-7 derived EV or EV-

OV at 1e+007/ml and control cells used as a negative control. B) MDA-MB-231 derived EV or EV-

OV at 1e+007/ml and control cells used as a negative control. Plaques can only be seen in naked-eye 

and are characterised by HSV1716 forming plaques. The data represent the mean SEM of n=3 

independent experiments, and statistical analysis was performed using the two-way Anova test with 

multiple comparisons ***P˂0.000 
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3.2.5 Characterisation of breast cancer derived extracellular EVs 

Specific protein markers are frequently used to identify EVs in addition to determining their 

origin inside the cell, which may be either the plasma membrane or MVBs, and then to define 

which vesicle subclass they belong to. Small EVs have been shown to be abundant in many 

important indicators. CD9 and CD63 are two tetraspanins that are substantially abundant in 

EVs because the microdomains they generate, tetraspanin-enriched microdomains (TEMs), 

communicate with several signalling proteins and are crucial in EV formation (Andreu and 

Yáñez-Mó, 2014). Because tetraspanins are a fundamental component of the plasma membrane 

and are therefore expected to be present in different vesicle subpopulations (Andreu and Yáñez-

Mó, 2014), additional markers must be included. TSG101 is another often utilised EV marker 

since it is a component of the ESCRT-I complex, which regulates vesicular trafficking (Matsuo 

et al., 2004, Baietti et al., 2012). Western blot analysis was performed to detect EV protein 

markers in cell lysates and in the purified EVs from MCF-7 and densitometry measurements 

of the bands was also performed to quantitate proteins within the linear dynamic range (Figure 

3.6). The presence of the negative control marker GM130, a Golgi body marker, in cell lysate 

samples indicates that the EV protein is devoid of contamination by intracellular components 

(Figure 3.6A). Western blot analysis of the tetraspanin proteins CD9 and CD63 and TSG101 

were substantially enriched in all the MCF-7 cell lysates and their derived EVs (EV and EV-

OV) preparations (Figure 3.6 B, C and D). In addition, to confirm if EVs derived from MCF-

7 and infected cells contain viral cargo we used an established anti-HSV1716 antibody 

(MacLean et al., 1991) to detect the Herpes simplex virus (HSV) released antigens on MCF-7 

infected cell lysate and EVs derived from infected cells. Interestingly, the western blot data 

confirmed that infected cells contain viral proteins but EVs purified from these cells also carry 

viral cargo (Figure 3.6 E). Among the HSV-1716's most prominent antigens was 

enveloped viral glycoproteins B proteins with a MW of 130 KDa.  MCF-7 infected cells and 

derived EV-OV had  gB, which was observed in our study (Figure 3.6 F). 
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Figure 3. 5: EVs purified from MCF-7 using dUC express typical EV markers and carry 

viral cargo. A Western blot was carried out using whole-cell lysates in addition to EVs. 20µl of each 

with equal protein amount (2µg) were mixed with 5µl of 4x LDS Sample Buffer. The mixtures were 

incubated at 90ºC for 10 min, and 20µl were loaded to each well of 12% acrylamide gel. After 

transferring to a nitrocellulose membrane. They were blocked with 5% milk for 1h at RT, then incubated 

overnight with appropriate primary antibody diluted in 10 mL milk at 4ºC. This included A) GM130 B) 

CD9 C) CD63 D) TSG101 E) HSV F) gB. On the next day, the membranes were washed and incubated 

with appropriate secondary antibody for 1hr at RT, then washed three times for 5 min each in PBST. 

WA WESTAR® Supernova HRP Detection Substrate Kit was added to the membrane then imaged 

using ChemiDoc™ MP System (BIO-RAD). 

 

Moreover, western blot analysis was performed to detect EV protein markers in cell lysates 

and in the purified EVs from MDA-MB-231 and densitometry measurements of the bands was 

also performed to quantitate proteins within the linear dynamic range (Figure 3.7). The 

negative control marker GM130, a Golgi body marker was apparent in cell lysate samples 

indicating that the EV protein is free from contamination by intracellular components (Figure 

3.7G). Western blot analysis of the tetraspanin proteins CD9 and CD63 and TSG 101 tumour 

susceptibility gene were substantially enriched in all the MDA-MB-231 cell lysates and their 

derived EVs (EV and EV-OV) preparations (Figure 3.7 H, I and J). In addition, to confirm if 

EVs derived from MDA-MB-231 and infected cells contain viral cargo we used an established 

sheep anti-HSV1716 antibody (MacLean et al., 1991) to detect the Herpes simplex virus (HSV) 

released antigens on MDA-MB-231 infected cell lysate and EVs derived from infected cells. 

Interestingly, the western blot data confirmed that infected cells contain viral proteins but EVs 

purified from these cells also carry viral cargo (Figure 3.7 K). Among the HSV-1716's most 

prominent antigens was enveloped viral glycoproteins B proteins with a MW of 130 KDa.  

MDA-MB-231 infected cells and derived EV-OV had gB, which was observed in our study 

(Figure 3.7 L). 
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Figure 3.1: EVs purified from MDA-MB-231 using dUC express typical EV markers and carry 

viral cargo. A Western blot was carried out using whole-cell lysates in addition to EVs. 20µl of each 

with equal protein amount (2µg) were mixed with 5µl of 4x LDS Sample Buffer. The mixtures were 

incubated at 90ºC for 10 min, and 20µl were loaded to each well of 12% acrylamide gel. After 

transferring to a nitrocellulose membrane. They were blocked with 5% milk for 1h at RT, then incubated 

overnight with appropriate primary antibody diluted in 10 mL milk at 4ºC. This included G) GM130 

H) CD9 I) CD63 J) TSG101 K) HSV L) gB. On the next day, the membranes were washed and 

incubated with appropriate secondary antibody for 1hr at RT, then washed three times for 5 min each 

in PBST. WA WESTAR® Supernova HRP Detection Substrate Kit was added to the membrane then 

imaged using ChemiDoc™ MP System (BIO-RAD). 

 

3.2.6 Culture of purified EVs with breast cancer cells induces cell death  

To assess the vitality of breast cancer cells in longer-term of the EV cultures. Alamar blue 

assays were performed. It is considered that this is preferable to other cell viability tests, such 

as the MTT test, since it is non-toxic to cells and does not necessitate their death during the 

procedure of the assay. While Alamar blue decreases exclusively in metabolically active cells, 

the amount of activity is a measure of cell viability. To test the cytotoxic effects, MCF-7 was 

incubated with various concentrations (1e+007,5e+006,1e+006, 2e+005,1e+005 and 2e+004) 

of EV and EV-OV derived from MCF-7, respectively for 24, 48, and 72 h. Untreated cells 

served as negative controls displaying 100% viability. Following that, Alamar blue reagent was 

added to each well, followed by a 4 h incubation period. Cell viability was measured 

spectrophotometrically at 570 nm. The results showed that both MCF-7 derived EV and EV-

OV at all concentrations mentioned above induced toxicity to MCF7 cells, respectively as 

compared to control at 24,48 and 72 h (Figure 3.7A and B). Together this data shows that EVs 

purified from MCF-7 breast cancer cells induce cell death at all the concertation of particles. 

We have selected 1e+007concentration of EVs to conduct further downstream analysis. Other 

studies where EVs were collected from the liver HepG2 cancer cell line showed that a 

concentration of 1e+007  HepG2 EVs resulted in significant effects on cell viability compared 

with the extract black bean with no carrier as a negative control (p-value <0.0001)  (Donoso-

Quezada et al., 2019). 
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Figure 3.2: MCF-7 derived EV and EV-OV induced cytotoxicity on MCF-7 cells. MCF-7 were 

seeded at 5×103 in 96-well plate and incubated with EV and EV-OV at 1e+007, 5e+006,1e+006, 

2e+005,1e+005 and 2e+004 particle/ ml for 24,48 and 72 h. Control cells were untreated. Alamar blue 

reagent (10µl) was added and incubated for 4 hrs before a spectrophotometer measured the absorbance 

at 570nm. The data shows the mean SEM of n=3 independent experiments, and statistical analysis was 

performed using the two-way Anova test with multiple comparisons. A mean difference was considered 

significant when **P˂0.001, ***P˂0.0001and ****P˂0.00001. 

 

 

 

 

Moreover, MDA-MB-231 were treated with EVs as above. The results showed that both MDA-

MB-231 derived EV and EV-OV at all concentrations mentioned above induced toxicity to 

MDA-MB-231 cells, respectively as compared to control at 24,48 and 72 h (Figure 3.7A and 

B). Together this data shows that EVs purified from MDA-MB-231 breast cancer cells induce 

cell death at all the concertation of particles. 
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Figure 3.3: MDA-MB-231 derived EV and EV-OV induced cytotoxicity on MDA-MB-231 cells. 

MDA-MB-231 were seeded at 5×103 in 96-well plate and incubated with EV and EV-OV at 1e+007, 

5e+006,1e+006, 2e+005,1e+005 and 2e+004 particle/ ml for 24,48 and 72 h. Control cells were 

untreated. Alamar blue reagent (10µl) was added and incubated for 4 hrs before a spectrophotometer 

measured the absorbance at 570nm. The data shows the mean SEM of n=3 independent experiments, 

and statistical analysis was performed using the two-way Anova test with multiple comparisons. A 

mean difference was considered significant when **P˂0.001, ***P˂0.0001and ****P˂0.00001. 

 

3.2.7 EV uptake by breast cancer cells: Flow cytometry   

MCF-7 and MDA-MB-231 cells were seeded into 6-well plates (3 x 105 cells/well) and after 

24 h, cells were incubated with EV, EV-OV at 1e+007 particle/ml fluorescently labelled with 

the membrane dye C5-Maleimide-Alexa flour 488. The fluorescent label was used to study the 

uptake of MCF-7 and MDA-MB-231 derived EV, EV-OV and OV alone at MOI 0.5 (MCF-7 

and MOI 1 (MDA-MB-231), these MOIs were selected based on earlier results (Figure 3.1 

and Figure 3.2) with non-infected cells as controls for 24h. For these studies we used the 

reporter virus HSV1716-GFP so that the GFP could be used to confirm viral infection. After 

24 h of culture with the virus and EVs, flow cytometry was utilised to evaluate the cells after 
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the plates were harvested. The proportion of GFP (+) cells was used to determine the amount 

of viral infection. Similarly, TOPRO3 was utilised as a viability dye  where dead/dying cells 

take up the dye while live cells exclude it. This dye was used to assess the extent of cell death 

caused by EVs at 24, 48 and 72 h . TOPRO3 was immediately added to all samples prior to 

flow cytometric analysis using the FL3-H laser (wavelength 642 nm). For the MCF-7 cells this 

result showed that virus HSV1716-GFP (OV) was able to infect the tumour cells as 

demonstrated by the significant increase in GFP expression (Figure 3.10 A and B ). As 

expected, OV induced significant tumour cell death compared to all the treatment groups 

(Figure 3.10 C). In addition, EV and EV-OV demonstrated significant uptake at 24h of culture 

in all the treatments groups compared to the control (Figure 3.10 A and B). No significant 

difference in uptake between EV and EV-OV.  
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Figure 3.4: EV-OV induce MCF-7 cell uptake. A. Representative dot plots of cell uptake GFP and 

488 expressions following 24h incubation of MCF-7 cells with EV and EV-OV at1e+007, OV at MOI 

0.5, and untreated cells as a negative control cell. B. A significant increase in percentage uptake of EVs 

was observed in the EV and EV-OV group compared to all other groups after 24h. Similarly, infection 

with OV showed infection and high GFP expression. C. In comparison to the control and EVs group at 

all time points, OV caused statistically significant cell death. Of note, the data represent the mean SEM 

of n=3 independent experiments, and statistical analysis has been performed using the two-way Anova 

test with multiple comparisons. When a mean difference was considered significant, **P˂0.001, 

***P˂0.0001and ****P˂0.00001.  

 

For the MDA-MB-231 cells this result showed that virus HSV1716-GFP (OV) was able to 

infect the tumour cells as demonstrated by the significant increase in GFP expression (Figure 

3.11 A and B ). As expected, OV induced significant tumour cell death compared to all the 

treatment groups (Figure 3.11 C). In addition, EV and EV-OV demonstrated significant uptake 

at 24h of culture in all the treatments groups compared to the control (Figure 3.11 A and B). 

Together this suggests that the EVs were not toxic to the cancer cells campared to cells treated 

with HSV1716 (OV).  
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Figure 3.5: EV-OV induce MDA-MB-231 cell uptake. A. Representative dot plots of cell uptake GFP 

and 488 expressions following 24h incubation of MDA-MB-231 cells with EV and EV-OV at1e+007, 

OV at MOI 0.5, and untreated cells as a negative control cell. B. A significant increase in percentage 

uptake was observed in HSV1716-GFP ,EV and EV-OV compared to all other groups after 24h.C. In 

comparison to the control and EVs group at all time points, OV caused statistically significant cell 

death. Of note, the data represent the mean SEM of n=3 independent experiments, and statistical 

analysis has been performed using the two-way Anova test with multiple comparisons. When a mean 

difference was considered significant, **P˂0.001, ***P˂0.0001and ****P˂0.00001.  
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3.2.8 EV uptake by breast cancer cells: Immunofluorescence  

MCF-7 and MDA-MB-231 cells (5×103) were grown on 8 well glass bottom slides and incubated 

with either EV, EV-OV at1e+007 particle/ml fluorescently labelled with the membrane dye 

C5-Maleimide-Alexa fluor 488 for 24 hr. Following that, the cells were fixed and stained with 

a sheep antibody to identify HSV1716 (Conner et al., 2005). In addition, a 50ng/ml DAPI 

solution was added for 2 min to identify the nucleus. Coverslips placed on microscope slides 

and images were taken using a Nikon A1 confocal microscope . For MCF-7 cells uptake by 

EV was shown by the presence of the C5-Maleimide-Alexa fluor 488 (green) for both EV and 

EV-OV (Figure 3.12 A) was also detected (red) suggesting that the vesicles contained viral 

cargo (Figure 3.12 A). The presence of OV infected MCF-7 cells was greater than the virus 

(Figure 3.12 B). Virus was detected within the cytoplasm of most cells as shown in (Figure 

3.12A).  
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Figure  3.6: EV-OV contain viral cargo as evidenced by staining of MCF-7 cells. A. MCF-7 cells 

were seeded at 5×103 in µ-slide 8 well glass bottom for 24 h. Next day, cells were incubated with either 

EV, EV-OV at 1e+007 particle/ml fluorescently labelled with the membrane dye C5-Maleimide-Alexa 

fluor 488 (green). Cells were also infected with OV (MOI 0.5) for 4 h and confocal laser-scanning 

microscope was used to analyse cells after they had been treated and stained with sheep antibody to 

recognise HSV1716 (red) and (4',6-diamidino-2-phenylindole) (DAPI: blue). All data are from a single 

experiment that was repeated N=3. B. The density of EV, EV-OV and OV were calculated by dividing 

the total number of OV, EV, and EV-OV positive cells by the number of DAPI+ events in each specified 

region and multiplying by 100. Data are presented as Mean ± SEM (n=3), and statistical analysis was 

performed using the one-way Anova test with multiple comparisons (****P˂0.00001). 

 

 

 

In addition, for MDA-MB-231 cells uptake by EV was shown by the presence of the C5-

Maleimide-Alexa fluor 488 (green) for both EV and EV-OV (Figure 3.13 A) was also detected 

(red) suggesting that the vesicles contained viral cargo (Figure 3.13 A). Similarly, MDA-MB-

231 cells showed the same pattern of staining of OV infected MDA-MB-231 and the virus 

(Figure 3.13 B). Virus was detected within the cytoplasm of most cells as shown in (Figure 

3.13A). These  data suggest that viral cargo can be transferred by EV.  
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Figure 3.7: EV-OV contain viral cargo as evidenced by staining of MDA-MB-231 cells. A. MDA-

MB-231 cells were seeded at 5×103 in µ-slide 8 well glass bottom for 24 h. Next day, cells were 

incubated with either EV, EV-OV at 1e+007 particle/ml fluorescently labelled with the membrane dye 

C5-Maleimide-Alexa fluor 488 (green). Cells were also infected with OV (MOI 1) for 4 h and confocal 

laser-scanning microscope was used to analyse cells after they had been treated and stained with sheep 

antibody to recognise HSV1716 (red) and (4',6-diamidino-2-phenylindole) (DAPI: blue). All data are 

from a single experiment that was repeated N=3. B. The density of EV, EV-OV and OV were calculated 

by dividing the total number of OV, EV, and EV-OV positive cells by the number of DAPI+ events in 

each specified region and multiplying by 100. Data are presented as Mean ± SEM (n=3), and statistical 

analysis was performed using the one-way Anova test with multiple comparisons. **P˂0.001 

(****P˂0.00001). 

 

3.2.9 EV-OV suppress migration of MDA-MB-231 

Next, we looked at the impact of EVs on cell migration. Cell migration assays were performed 

using the scratch-wound assays with MDA-MB-231 cells treated with 1e+007/ml EV and EV-

OV at 0, 6 and 24h. The results indicated that EV-OV secreted from infected breast cancer cell 

inhibit cell migration compared with untreated MDA-MB-231 and MDA-MB-231 cells treated 

with EV, for the latter the rate for closing the wound was comparable to control at 24 h (Figure 

3.14) (****P<0.0001). 
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Figure  3.8: MDA-MB-231 derived EV-OV inhibit cell migration in MDA-MB-231 cells. A scratch 

was introduced on confluent MDA-MB-231 cells and treated for 0, 6 and 24 h with 1e+007/ml EV and 

EV-OV. A. Representative images of cell migration captured at 0, 6, and 24 hrs on the EVOS® Cell 

Imaging System. Scale bar = 400 µm. B. Percentage of wound closure at all time points. The data 

represent the mean ± SEM of n=3 independent experiments, and statistical analysis was performed 

using the two-way Anova test with multiple comparisons.  ****P<0.0001.   
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3.3 Discussion 

3.3.1  OV induced oncolysis of breast cancer cells 

OV are a novel class of cancer therapies that are being used in the clinic and are being tested 

in clinical trials (Sprague et al., 2018). In this study, first we determined the optimum MOI 

required to successfully infect breast cancer cell lines without completely inducing cell death. 

HSV1716 was equally efficient in infecting MCF-7 and MDA-MB-231 cells after 24 h of 

culture (Figure 3.1 and 3.2). Prior studies have shown that HF10, a spontaneous mutant clone 

produced from the HSV-1 strain, caused 50 % and 20 % cell death at MOI 1 in the TNBC 

MDA-MB-231 cell line after 24 and 48 h following infection, respectively (Tan et al., 2015). 

Other studies have also confirmed the effects of HSV-1 strain 17+ a mutant strain on the growth 

of MCF-7 and MDA-MB-231 cells.  They observed that the virus significantly reduced the 

growth of both cells, which was further reduced in the presence of a caspase inhibitor (Wood 

and Shillitoe, 2011). Chen et al explored the oHSV-1 based lysis of breast cancer cells (MDA-

MB-231 and MCF-7).  They noted a dose-dependent reduction of MDA-MB-231 and MCF-7 

viability after 48 h of co-culturing (Chen et al., 2016). These results are in line with our study, 

we demonstrated cell death at MOI 1 on MDA-MB-231 and MOI 0.5 on MCF-7. These MOIs 

were selected because were required to reduce the cell viability to 50 % without completely 

killing the cells so that EV could still be collected but with cell death contaminants such as 

apoptotic bodies. The main reason to not kill all the cells was so that viable cells were present 

to release EVs. 

 

3.3.2 NTA assessment of tumour cell derived EVs size and concentration 

After we showed that OV was able to infect breast cancer cells. We then characterised MCF-7 

and MDA-MB-231 breast cancer cells derived EVs from untreated and OV infected cells by 

NTA. EVs are considered to mediate regeneration and repairing of tissues and induction of 

immune response that favours their applications in various therapies (Lamichhane et al., 2015, 

Bobrie et al., 2011). During the last decade, EVs have emerged as crucial tools for intercellular 

communications by transferring lipids, proteins, and nucleic acids.  This function helps EVs to 

affect the pathological and physiological functions of parent and recipient cells (Yáñez-Mó et 

al., 2015).  EVs are formed at the end of the endocytic recycling pathway by the fusion of 

MVBs and plasma membranes (Raposo and Stoorvogel, 2013a).  However, EV variability 

because of different isolation techniques and structural complexity requires the characterization 
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NTA allows for  the assessment of relative concentration and size distribution of microvesicles 

such as exosomes in the supernatants of biological fluids and cell cultures (Soo et al., 2012). 

NTA analysis revealed that the MCF-7 and MDA-MB-231 derived EV and EV-OV possessed 

a size range of 50 to 500 nm in diameter and an average size of 150 and 200 nm diameter 

(Figure 3.3A and C) suggesting a successful enrichment of nanosized vesicles most likely 

exosomes. The findings of this study are in line with multiple studies, which have reported 

approximately similar sizes of EVs ranging between 30-100nm (Jansen et al., 2014, Lázaro-

Ibáñez et al., 2014). Based on the size, density, composition, and origin, several terms are used 

to describe EVs including exosomes (30-100 nm), microvesicles (100-1000 nm) and apoptotic 

bodies (50-5000 nm) (Barrachina et al., 2019, Andreu and Yáñez-Mó, 2014, György et al., 

2011). We demonstrated that OV infection of cells increased the concentration of MDA-MB-

231 derived EV-OV (Figure 3.3 D). This is in keeping with previous studies where HSV-1 

infection resulted in an increase in the concentration of EVs derived from human epithelial 

infected cells compared to uninfected cells with approximately 1 × 1010 /ml and 2 ×1010 /ml 

respectively (Deschamps and Kalamvoki, 2018). Therefore, it can be assumed that the 

methodology adopted during this study successfully enriched the population of nanosized 

vesicles, most likely comprising exosomes. However, there is a probability of contamination 

as NTA data might contain particulate matter and EV aggregates that could exaggerate the 

number of particles present in a sample.  To help address this we performed TEM analysis. 

MCF-7 and MDA-MB-231 derived EV and EV-OV presented a spherical shape with a 

diameter of about 100 nm as shown in Figure 3.4 A and B. This is in keeping with previous 

studies which showed that the round or spherical shape of EVs and further elaborated that the 

cup shape of EVs under TEM could be attributed to the fixation process (Raposo and 

Stoorvogel, 2013b).   

3.3.3 EVs purified from OV infected breast cancer cells express exosome markers and 

carry viral cargo 

Next, during this study, EV protein markers in the protein lysates from both MCF-7 and MDA-

MB-231 producing cell and their EVs (EV and EV-OV) were detected through western blot 

analysis. First, the tetraspanin proteins CD9 and CD63, and TSG101 were substantially 

enriched in all the MCF-7 and MDA-MB-231 derived EVs preparations. On the other hand, 

CD63 and CD9 were less abundant in MDA-MB-231 derived EV-OV (Figure 3.6 and 3.7). 

This is consistent with prior research, which found that HSV-1 infection resulted in a reduction 

in intracellular CD63 (Dogrammatzis et al., 2019). They found that HSV-1- causes the release 
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of CD63-positive EVs derived from human embryonic lung infected cells  but has no effect on 

TSG101 exocytosis, it indicates that the infection causes EV release through ESCRT-

independent pathways while not altering ESCRT-dependent pathways in which TSG101 play 

a role (Dogrammatzis et al., 2019). Another major explanation for the loss of intracellular 

CD63 could be exocytosis, rather than protein breakdown and a lack of accumulation owing to 

decreasing levels of its transcripts. The CD63 tetraspanin protein is found on the plasma 

membrane, and it travels to late endosomes through clathrin- and perhaps caveola-dependent 

endocytosis. CD63 transports its cargo from late endosomes to lysosomes for breakdown or to 

intraluminal vesicles (ILVs), which are released as exosomes following MVB fusion to the 

plasma membrane; hence, CD63 is regarded as an EV marker (Pols and Klumperman, 2009, 

Yáñez-Mó et al., 2009). The expression of CD63, tumour marker and an integrin binding 

partner, inversely correlates with cancer metastasis (Kwon et al., 2007, Chirco et al., 2006). 

Whereas TSG101, initially defined as tumour susceptibility gene, is a subunit of endosomal 

sorting complex that is needed for ESCRT-1 (Odorizzi, 2006). Kowal et al have elaborated that 

these are common exosome markers but can also appear in other EV subtypes to some extent 

such as apoptotic bodies and ectosomes (Kowal et al., 2016).  These markers could efficiently 

separate the particles isolated by ultracentrifugation for their role in cargo sorting and 

biogenesis regulation (Hurwitz et al., 2017, Nishida-Aoki et al., 2017). Importantly, our 

western blot data confirmed the presence of viral cargo on the MCF-7 and MDA-MB-231 

derived EV-OV and infected cell lysates (Figure 3.6 and 3.7). Among the HSV-1716's most 

prominent antigens were enveloped viral glycoproteins B proteins with a MW of 130 KDa. 

Both MCF-7 and MDA-MB-231 infected cells and derived EV-OV had level of gB, which was 

observed in our study (Figure 3.6 and 3.7). Our findings are consistent with earlier research 

and demonstrated that the envelope protein was shown to be the most prevalent viral protein 

via western blot and mass spectrometry (Birzer et al., 2020). They found that L-particles that 

were released by mDCs that had HSV-1 infection had a significant abundance of gB and gD 

as key envelope proteins (Birzer et al., 2020). Other studies demonstrated that exosomes carry 

pathogen signatures from human hepatoma (Huh7.5) infected cells with HCV, as well as host 

cellular components, as has been found to contain HCV RNA (Ramakrishnaiah et al., 2013). 

Another study discovered that exosomes generated from EBV-infected lymphoblasts (LCL) 

contain both Epstein–Barr virus viral proteins and viral RNAs (Pegtel et al., 2010). In general, 

our findings are consistent with those of previous studies, despite differences in virus strains 
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and cell lines used to produce the virions packed into particles. However, this is the first study 

that has shown the EVs can carry OV viral cargo, and this may have therapeutic implications. 

3.3.4 EV-OV are taken up by tumour cells and inhibit tumour cell migration   

Finally, we wanted to determine if MCF-7 and MDA-MB-231 derived EVs could be taken up 

by breast cancer cells. It was found that EV and EV-OV were successfully internalised and this 

was demonstrated using two main approaches flow cytometry and confocal microscopy. After 

24h of culture, these complexes were seen inside MCF-7 and MDA-MB-231 cells, displaying 

highly comparable viral GFP expression to the OV alone group (Figure 3.12 and 3.13). We 

showed that EV and EV-OV derived from MCF-7 and MDA-MB-231cells demonstrated 

significant uptake at 24h of culture in all the treatments groups compared to the control, 

respectively (Figure 3.10 A and B) and (Figure 3.11 A and B). Previous studies showed that 

observed CD63-green fluorescent protein (GFP) EVs were detectable on A431 cells, and the 

highest uptake was observed at 24h by using nano-flow cytometry (Choi et al., 2019). Lee et 

al used confocal microscopy to reveal the presence of ADIBO-Cy3 labelled EVs signals inside 

MCF-7 recipient cells (Lee et al., 2018). Therefore, it can be assumed that the confocal 

microscopy conducted during our study accurately assessed the EV and EV-OV uptake by 

MCF-7 and MDA-MB-231 cells. In addition, our result showed that virus HSV1716-GFP (OV) 

was able to infect the MCF-7 and MDA-MB-231 tumour cells as demonstrated by the 

significant increase in GFP expression (Figure 3.10 A and B ) and (Figure 3.11 A and B). 

Furthermore, using an anti-HSV antibody we showed that the vesicles EV-OV derived from 

MCF-7 and MDA-MB-231 contained viral cargo (Figure 3.12 A and Figure 3.13 A). These 

exciting data suggest that viral cargo can be transferred by EV. OV induced significant tumour 

cell death on MCF-7 and MDA-MB-231 compared to all the treatment groups (Figure 3.10 C 

and Figure 3.11 C). Our result is consistent with an in vitro study on MCF-7 and MDA-MB-

231 breast cancer cells that revealed that the cells were susceptible to HSV1716 infection and 

virus-mediated death (Kwan et al., 2021a). Cockle et al used scratch assay to determine the 

impact of HSV1716 on the migration of two Pediatric high-grade glioma (pHGG) cells lines 

such as SF188 and KNS42. This suggests that HSV1716 has the ability to suppress tumour cell 

migration and may play a role to their therapeutic promise for invasive cancers with a dismal 

prognosis. At 24 h after infection, HSV1716 at 1 or 10 (PFU)/cell substantially inhibited the 

migration of SF188 cells compared with untreated cells. Moreover, KNS42 cell migration was 

considerably inhibited by HSV1716 at a concentration of 10 PFU/ cell 24 h after infection. 

(Cockle et al., 2017). This study is in the line with our study, EV-OV derived from infected 
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breast cancer cell inhibit cell migration compared with untreated MDA-MB-231 and MDA-

MB-231 cells treated with EV at 24h (Figure 3.14). In the future, the migration experiment for 

MCF-7 cells should be repeated, and it would be interesting to include additional kinds of 

breast cancer subtypes.  Moreover, for the MCF-7 and MDA-MB-231 cells, an invasion test is 

required to conduct and examine the chemoattractant gradient-related characteristics of each 

cell line. However, owing to the COVID 19 pandemic and the delay in reagent supply, such as 

for the invasion assay kit and mitomycin C for the migration test, these experiments were not 

carried out. 

This chapter shows that EVs, can be purified from two types of breast cancer cell lines and that 

following infection with OV the purified EVs carry viral cargo. These EVs can be internalised 

and transfer viral cargo to the cancer cells resulting in inhibition of cell migration. This suggests 

that EVs from virally infected cells may have antitumour properties and this will be 

investigated in the following chapters. 
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Chapter 4: Mass spectroscopy analysis of Extracellular 

Vesicles derived from HSV1716 infected breast cancer cells 
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4.1 Introduction 

Proteins are a key element of EVs, and they are often reported to be transported as functional 

signalling molecules and to be involved in interactions between the membrane surface and 

related ligands (Ratajczak et al., 2006). Furthermore, the EV proteins that are most prevalent, 

such as the tetraspanins CD63, CD9, and CD81, are the most common used for detecting EVs. 

However, one must consider protein patterns of EVs are often affected by disease states of 

cells, partially reflecting changes in the secretory cell. while also affecting biological 

characteristics of EVs and the roles the play when interacting with neighbouring cells (Pegtel 

et al., 2014). As more extensive fundamental research is completed, EV proteomic studies may 

lead to therapeutic advancements in the future. 

One limitation of EV proteome research is the extensive purification required to make EV 

proteins more visible than contaminating proteins found in conjunction with EVs (Greening et 

al., 2017). Modern EV isolation approaches that use various methodologies have enabled more 

robust proteomic studies, but other difficulties remain visible and challenging to avoid. 

Attempts to reduce the use of contaminated serum proteins in culture, for example, may have 

an effect on the quantity and content of EV proteomes. (Li et al., 2015). EV proteomics is still 

an exciting field with tremendous potential for discovery. 

The field of proteomics has achieved significant advancements, particularly in the area of mass 

spectrometry-based proteomic technologies, which have made it possible to identify and 

quantify proteins. Several vesicular protein databases have been developed, such as the 

ExoCarta (Mathivanan and Simpson, 2009), a collection of data from various studies focusing 

on EV proteomics from a variety of cell types, body fluids, and disease states. These findings 

allow for better pathway analysis and corroboration of research data, which drives the 

development of EV-based diagnostics and therapeutic protein targets. 

This chapter aimed to analyse the protein content of EVs derived from TNBC cells and 

investigate how this content changes following infection of these cells with OV (i.e. do these 

EVs from infected cells carry inflammatory immune cargo?). We used mass spectrometry and 

extensive bioinformatics methods to detect changes in vesicle content. The subcellular origin 

and pathway to which the discovered proteins belonged were determined using GO analysis 

methods. This knowledge could provide an understanding of the possible biological effects of 

EVs on recipient cells, enabling further experiments to be planned. Western blotting was used 

to confirm the validity of mass spectrometry results by analysing differentially expressed 
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proteins identified by mass spectrometry. In these validation procedures, whole-cell lysates and 

EV lysates were used to compare the relative abundance of proteins in EVs and their parental 

cells. 

4.2 Results  

4.2.1 Label-free mass spectrometry 

EVs generated from MDA-MB-231 were purified by ultracentrifugation and solubilized in 

Rapigest. Label-free mass spectrometry was used to analyse them at the University of 

Sheffield's Chemical and Biological Engineering Department, with assistance from Dr 

Caroline Evans. Reverse-phase HPLC-MS was used to analyse samples in technical duplicate. 

In summary, materials were reduced, alkylated, and digested with trypsin. Maxquant software 

was used to analyse and quantify peptide data collected by the Orbitrap Velos instrument, 

detecting relative abundances of proteins based on peptide hits. As the best estimate proxy for 

absolute protein abundance, a profile of label-free quantitation (LFQ) intensities was 

constructed for each protein. The Perseus programme was used to compare profile similarities 

and differences across duplicate samples. 

4.2.2 Proteome profiling of MDA-MB-231 derived EV versus MDA-MB-231 derived 

EV-OV 

Following the post-processing carried out by the Perseus software, a total of 1482 distinct 

proteins were identified. It is a well-known software for processing quantitative proteomics 

data downstream in bioinformatics (Tyanova et al., 2016), Such as the removal of 

contaminants. Intensity histograms for MDA-MB-231 derived EVs were displayed to indicate 

that the data was regularly distributed (Figure 4.1 A&B). To further support the data's quality, 

the correlation study of repetitions of MDA-MB-231 derived EV, and EV-OV proteins showed 

a strong correlation between 3 replicates within groups. Together this data gives confidence 

that our technique was robust and reproducible (Table 4.1).  
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Figure 4.1: Histogram of LFQ intensity columns for replicates of MDA-MB-231 derived 

EV and EV-OV. A) Showing a normally distributed intensity. B) With normalised and 

imputed intensity values for statistical analysis.  

 

 

 

Table 4.1: Correlation values of MDA-MB-231 derived EV and EV-OV replicates datasets. The 

table represents the correlation of the biological replicates high (green), middle (yellow), low (red). 

Correlation in the same group was highest at 0.99; in between groups, the lowest was 0.93. These show 

that biological replicates inside the same groups were reproducible. 
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intensity 

EV_1-T1

LFQ 

intensity 

EV_1-T2

LFQ 

intensity 

EV_2-T1

LFQ 

intensity 

EV_2-T2

LFQ 

intensity 

EV_3-T1

LFQ 

intensity 

EV_3-T2

LFQ 

intensity 

EV-OV_1-

T1

LFQ 

intensity 

EV-OV_1-

T2

LFQ 

intensity 

EV-OV_2-

T1

LFQ 

intensity 

EV-OV_2-

T2

LFQ 

intensity 

EV-OV_3-

T1

LFQ 

intensity 

EV-OV_3-

T2

NaN 1.00 0.96 0.96 0.96 0.96 0.95 0.95 0.96 0.96 0.96 0.96 LFQ intensity EV_1-T1

1.00 NaN 0.96 0.96 0.96 0.96 0.95 0.95 0.96 0.96 0.96 0.96 LFQ intensity EV_1-T2

0.96 0.96 NaN 0.99 0.95 0.95 0.94 0.94 0.95 0.95 0.94 0.93 LFQ intensity EV_2-T1

0.96 0.96 0.99 NaN 0.95 0.95 0.94 0.93 0.94 0.95 0.93 0.93 LFQ intensity EV_2-T2

0.96 0.96 0.95 0.95 NaN 1.00 0.96 0.96 0.96 0.96 0.96 0.96 LFQ intensity EV_3-T1

0.96 0.96 0.95 0.95 1.00 NaN 0.96 0.96 0.96 0.96 0.96 0.96 LFQ intensity EV_3-T2

0.95 0.95 0.94 0.94 0.96 0.96 NaN 0.99 0.97 0.97 0.97 0.97 LFQ intensity EV-OV_1-T1

0.95 0.95 0.94 0.93 0.96 0.96 0.99 NaN 0.98 0.98 0.98 0.98 LFQ intensity EV-OV_1-T2

0.96 0.96 0.95 0.94 0.96 0.96 0.97 0.98 NaN 1.00 0.96 0.96 LFQ intensity EV-OV_2-T1

0.96 0.96 0.95 0.95 0.96 0.96 0.97 0.98 1.00 NaN 0.96 0.96 LFQ intensity EV-OV_2-T2

0.96 0.96 0.94 0.93 0.96 0.96 0.97 0.98 0.96 0.96 NaN 1.00 LFQ intensity EV-OV_3-T1

0.96 0.96 0.93 0.93 0.96 0.96 0.97 0.98 0.96 0.96 1.00 NaN LFQ intensity EV-OV_3-T2
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4.2.3 Differential expression of proteins  

A quantitative comparison of protein levels between MDA-MB-231 derived EV, and EV-OV 

was performed using Perseus (Tyanova et al., 2016). Data were filtered proteins that were only 

identified by sites in at least three replicates of each group, contaminants were removed, 

statistical t-test were performed with FDR 5% (Tyanova et al., 2016). A total of 30 proteins 

achieved the <0.05 FDR criteria (Benjamini-Hochberg) (Table 4.2). They were identified as 

differentially expressed between the two groups by student t-test and are marked in colour on 

the volcano plot (Figure 4.2). The volcano plot shows that 24 of the proteins identified by dots 

were primarily upregulated in the MDA-MB-231 derived EV-OV falling to the left of the 

volcano plot such as protein phosphatase 6 catalytic subunit (PPP6C), Beta-2 microglobulin 

(B2M), Vimentin (VIM). To begin, (PPP6C) is a part of the serine/threonine protein 

phosphatase family, which is found in all eukaryotes. The PPP6C complex is extensively 

presented in a variety of tissue types and has been linked in a variety of activities including, 

inflammatory response, cell cycle and lymphocyte differentiation (Hammond et al., 2013, 

Ogoh et al., 2016). Second, B2M is a small protein and an important part of major 

histocompatibility complex (MHC) class I which performs fundamental physiologic effects in 

tumorigenesis and immune regulation (Wang et al., 2021). It was identified  as a cancer 

diagnostic marker and therapeutic target (Min et al., 2002).Third, (VIM) is a cytoskeletal 

protein of type III intermediate filaments that is mostly expressed in mesenchymal cells. As a 

result, it is identified in fibroblasts, endothelial cells, immune cells, ovarian and prostate cancer 

cells (Gan et al., 2016, Duarte et al., 2019). Extracellular vimentin receptors have a role in the 

immune response to viral infections. However, six proteins were downregulated in the MDA-

MB-231 derived EV as dots falling to the right of the volcano plot such as Pentraxin-related 

protein (PTX3) and Charged multivesicular body protein 2a (CHMP2A). PTX3 is a member 

of the pentraxin superfamily, which functions as an immune system pattern recognition 

molecule (PRM). This molecule has the ability to identify cellular debris, to stimulate 

phagocytosis (opsonization), to trigger the complement system, and to control the 

inflammatory response in a variety of situations (Garlanda et al., 2018). In the endosomal 

sorting complexes needed for transport III (ESCRT-III), CHMP2A is a component that 

participates in the development of multivesicular bodies and EV biogenesis (Teis et al., 2008). 

Despite this, the mass spectrometry study did not find any OV-derived proteins, even after 

comparing the peptide data to the database of relevant viral proteins. 
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Table 4.2  List of proteins in MDA-MB-231 derived EV-OV 

Gene name Log2-fold change  Protein name 

Upregulated genes 

TPP2 3.79 Tripeptidyl-peptidase 2 

COL12A1 2.97 Collagen alpha-1(XII) chain 

LCP1 2.88 Plastin-2 

TGFBI 2.85 Transforming growth factor-beta-induced protein ig-h3 

SF3B3 2.76 Splicing factor 3B subunit 3 

TIMP2 2.76 Metalloproteinase inhibitor 2 

TXNDC5 2.72 Thioredoxin domain-containing protein 5 

ATP5A 2.53 ATP synthase subunit alpha, mitochondrial 

B2M 2.45 Beta-2-microglobulin; Beta-2-microglobulin 

EIF2AK 2.45 Interferon-induced, double-stranded RNA-activated protein kinase 

VIM 2.32 Vimentin 

EFEMP1 2.28 EGF-containing fibulin-like extracellular matrix protein 1 

PPP6C 1.83 Serine/threonine-protein phosphatase 6 catalytic subunit 

PSMB2 1.65 Proteasome subunit beta type-2 

PLOD3 1.64 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 

EML4 1.56 Echinoderm microtubule-associated protein-like 4 

ATP5B  1.48 ATP synthase subunit beta, mitochondrial 

ACTA1 1.45 Actin, alpha skeletal muscle 

CALR 1.44 Calreticulin 

EXOSC4 1.44 Exosome complex component RRP41 

PSMA7 1.44 Proteasome subunit alpha type 7 

GLUD1 1.41 Glutamate dehydrogenase 1 

TALDO1 1.41 Transaldolase 

U2AF2 1.38 Splicing factor U2AF 65 kDa subunit 
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Gene name     Log fold change                       Protein name 

Downregulated genes 

PTX3 1.44 Pentraxin-related protein PTX3 

CHMP2A 2.18 Charged multivesicular body protein 2a 

FARSB 1.31 Phenylalanine--tRNA ligase beta subunit 

EFNB1 2.28 Ephrin-B1 

NDFIP1 1.44 NEDD4 family-interacting protein 1 

A0A6I8PLG0 2.33 Pentraxin-related protein PTX3 
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Figure 4.2: Volcano plot showing EV proteins differentially regulated following infection with 

OV. Differential expression of immune related genes (a). Data expressed as log2 fold change in the 

gene expression of EV-OV versus EV control groups, where each data point represents one gene. 

Increase in gene expression p < 0.05 represented by datapoints falling to the lift of the volcano plot. 

Decrease in gene expression p < 0.05 represented by datapoints falling to the right of the volcano plot. 

n =3 technical replicates.  
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4.2.4 Functional Characterisation of Identified Proteins  

In order to have a better understanding of the isolated proteome, we carried out an analysis of 

gene abundance on the list of proteins that were discovered. The Panther database was used to 

conduct the gene ontology (GO) study. GO is an ontology of specified concepts that reflect the 

features of protein gene products and describe how they function in a biological setting. Firstly, 

the cellular component (CC) implies crucial activity location for a proportion of the proteins. 

Secondly, molecular functions (MF) describe individual gene products' molecular activities. 

Finally, Biological processes (BP) are operations or collections of molecular events that 

comprise but do not entirely constitute a biological pathway. This analysis was performed to 

identify enriched terms compared to the significant human genome at FDR < 0.05. In cellular 

component, we found an enrichment of six proteins such as COL12A1, TGFBI, TIMP2, 

EFEMP1, CALR and PLOD3 in localisation in the collagen-containing extracellular matrix 

and five proteins such as COL12A1, TXNDC5, B2M, PLOD3 and CALR were localised in 

endoplasmic reticulum, but the highest enrichment of three proteins such as B2M, PTX3 and 

TIMP2 were in the Tertiary granule lumen and specific granule lumen (Figure 4.3 A). In the 

molecular function, we demonstrated that the highest enrichment of proteins CALR and PTX3 

were localised in complement component C1q binding significantly enriched the identified 

proteins (Figure 4.3 B). In the biological process, we demonstrated the highest enrichment 

proteins B4GALT1, COL12A1, LCP1, TGFBI, TIMP2, PLOD3 and PTX3 contributed to 

extracellular matrix organisation and extracellular structure organisation (Figure 4.3 C).  
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Figure 4.3 : Gene ontology enrichment analysis of extracellular vesicles compared to the human 

genome. Gene ontology enrichment analysis of extracellular vesicles compared to the human genome. 

30 statistically significant proteins found in extracellular vesicles purified from the conditioned media 

of confluent flasks of the MDA-MB-231 control and infected cells. Panther Gene Ontology databases 

were used to search for statistically significant enriched proteins. The above graphs detail the 

distribution of cellular region, molecular roles and biological processes for the proteins detected. N =3 

technical replicates. 
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In order to determine which pathways MDA-MB-231 derived EV-OV proteins are engaged in, 

a pathway analysis must be performed. The Panther GO database was used to match the 

enriched proteins to the pathways that they belong to (Figure 4.4). The findings revealed that 

two proteins produced from EV-OV, COL12A1 and ACTA1, were associated in the top two 

pathways, integrin signalling system and inflammation mediated by chemokine and cytokine 

signalling pathway. In addition, B2M protein was implicated in T cell activation pathway. 

Furthermore, PPP6C protein derived from EV-OV was shown to be involved in the EGF 

receptor and FGF signalling pathways. Work from our laboratory has shown that the same 

virus used in this study (HSV1716) leads to the recruitment of tumour infiltrating T cells  in 

mice with mammary carcinoma following administration into circulation (Kwan et al., 2021b) 

 

Figure 4.4 : An example of substantially enriched proteins classified into different pathways.  

Panther enrichment study of the substantially upregulated and downregulated proteins in MDA-MB-

231 derived EV and EV-OV. The top pathways are the integrin signalling pathway and Inflammation 

mediated by chemokine and cytokine signalling pathway. 
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4.2.5 Label-free mass-spectrometry validation 

4.2.5.1 Western blotting  

To verify these findings, proteins were chosen as candidates for western blotting in both cell 

and EVs protein lysates. Four candidates were chosen that were enriched in individual 

pathways. The first protein chosen for validation was Protein phosphatase 6 catalytic subunit 

(PPP6C), which was abundant in cell lysates (CL) derived from MDA-MB-231 and OV 

infected MDA-MB-231. Interestingly, PPP6C was highly enriched in EV-OV derived from 

infected MDA-MB-231 but was not detected in EV only (Figure 4.5 A). Our validation 

confirmed that PPP6C was upregulated in MDA-MB-231derived EV-OV, as shown in our 

mass spectrometry analysis above (Figure 4.2). Moreover, PPP6C is involved in the EGF 

receptor signalling pathway and FGF signalling pathway further linking this protein to the 

pathway analysis in Figure 4.4. It is positively associated with CD8 + T cell, macrophage and 

neutrophil infiltration (Xie et al., 2022). Together this points to a role for PPP6C in immune 

activation and further studies investigating this are warranted. The second protein to validate 

was Beta-2-microglobulin (B2M), which was more abundant in the cell lysates derived from 

control and infected MDA-MB-231 cells. However, a faint band was detected in MDA-MB-

231 derived EV-OV. (Figure 4.5 B). B2M is involved in the T cell activation pathway (Figure 

4.4). The most notable function of B2M is its association with the tertiary structure of the MHC-

I α-chain. As a result, antigenic peptides are therefore presented to cytotoxic T cells and will 

rapidly bind and disintegrate the cancer cells presented by the antigen during the process of 

identifying the foreign peptide antigen on the cell surface (Christianson et al., 1997, Höglund 

et al., 1998). Next, we looked at vimentin, a type III intermediate filament protein of the 

cytoskeleton that is mostly expressed in mesenchymal origin cells (Gan et al., 2016). Vimentin 

(VIM) was upregulated in MDA-MB-231 derived EV-OV, as shown in volcano plot (Figure 

4.1) and was abundant in both cell lysates and was enriched in MDA-MB-231 derived EV-OV. 

However, none were detected in MDA-MB-231 derived EV (Figure 4.5 C). The last validation 

marker was Pentraxin3 (PTX3), the most important enriched protein involved in extracellular 

matrix organisation in biological processes at cellular levels (Figure 4.3) and was found to be 

downregulated in our mass spectrometry analysis above (Figure 4.2). PTX3 was detected in 

both cell lysate samples. In contrast, findings from western blots demonstrate that PTX3 was 

only detected in EV-OV samples obtained from the MDA-MB-231 cell line, but absent in 

MDA-MB-231 derived EV (Figure 4.5 D).  
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Figure 4.5: Mass spectrometry validation of differentially expressed proteins using western 

blotting. Immunoblotting of proteins were upregulated in the MDA-MB-231 derived EV-OV 

and down-regulated in the MDA-MB-231 derived EV. Western blot was carried out using 

whole-cell lysates in addition to EVs. 20µl of each with equal protein amount (2µg) were mixed 

with 5µl of NuPAGE LDS Sample Buffer (4X). The mixtures were incubated at 90ºC for 10 

min, and 20µl were loaded to each well of 12% acrylamide gel. After transferring to a 

nitrocellulose membrane. They were blocked with 5% milk for 1h at RT, then incubated 

overnight with appropriate primary antibody diluted in 10 mL milk at 4ºC. This included A) 

PPP6C B) B2M C) VIM and D) PTX3.  On the following day, the membranes were washed 

and incubated with appropriate secondary antibody for 1hr at RT, then washed three times for 

5 min each in PBST. WASTER ® SUPERNOVA HRP Detection Substrate was added to the 

membrane then imaged using ChemiDoc™ MP System (BIO-RAD). N=1.  
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4.3 Discussion  

Extracellular vesicles (EVs) are responsible for the transfer of proteins, lipids, and nucleic acids 

from one cell to another, and they are essential in cell-to-cell communication (Yáñez-Mó et al., 

2015). Proteomic analyses of these biological tools could provide in-depth insights. The 

experimental data of MDA-MB-231 derived EV, and EV-OV proteomic analysis revealed 

interesting results. EV proteins were studied using GO analysis, which provided more insight 

into the proteins found in the EVs. During this study, we performed proteomic analysis to 

reveal what cargo might be carried by EVs purified from infected breast cancer cells.  We 

successfully identified 1482 distinct proteins by Perseus software. 30 proteins were 

significantly expressed in MDA-MB-231 derived EVs. 24 proteins were upregulated in MDA-

MB-231 derived EV-OV such as PPP6C and B2M as shown in (Figure 4.2) and six proteins 

were downregulated in MDA-MB-231 derived EV such as PTX3 as shown in (Figure 4.2). 

Our study demonstrated that Protein phosphatase 6 catalytic subunit (PPP6C) was found in 

both cell lysates and was highly enriched and upregulated in MDA-MB-231 derived EV-OV 

(Figure 4.5). The results also revealed the involvement of PPP6C in the EGF and FGF receptor 

signaling pathways as shown in (Figure 4.4). In different malignancies, it has been shown that 

the PPPCs family of proteins play a critical role in the formation and progression of tumours. 

However, the expression patterns and functional roles of the PPPCs family in breast cancer 

remain unknown currently. As a result,  researchers sought to examine the clinical relevance 

and biological roles of the PPP6C family to understand better their potential importance in the 

diagnostics and therapy of breast cancer (Xie et al., 2022). Xie et al have established a positive 

association of PPP6C with macrophages, CD8 + T cell, and neutrophil infiltration in tumours 

(Xie et al., 2022). TIMER (https://cistrome.shinyapps.io/timer/) is a database that has been 

developed to study immune cell infiltration in a variety of malignancies including breast cancer 

(Li et al., 2020b). For estimating tumour immune infiltration by macrophages, neutrophils, B 

cells, dendritic cells, and CD4/CD8 T cells, the database employs statistical approaches that 

have been verified by pathological investigation of tumours. Xie et al utilised this information 

to investigate the association between the PPPCs family and the amount to which distinct 

immune cell subpopulations were infiltrated by the PPPCs (Xie et al., 2022). The findings of 

their study revealed that numerous members of the PPPCs family such as PPP1CA and 

PPP4C were significantly connected with breast cancer prognosis and that blocking the 

expression of these genes may have the potential to improve the survival of breast cancer 

patients. Therefore, It was discovered that inhibiting PPP1CA and PPP4C expression 

https://cistrome.shinyapps.io/timer/
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substantially impacted breast cancer growth and migration (Xie et al., 2022). As a result, the 

combination of chemotherapy or surgery with certain PPP6C-targeted medications may 

enhance the treatment prognosis of breast cancer patients. Also discovered was that abnormal 

expression of the PPPCs family members such as PPP1CA and PPP4C can suppress the 

infiltration of immune cells in breast cancer. As a result, increasing the efficacy of immune 

checkpoint inhibitors in breast cancer treatment may be enhanced by utilising drugs that target 

PPPCs specifically (Esteva et al., 2019, Xie et al., 2022). Therefore, OV upregulation of PPP6C 

during the current study could be attributed to the activation of anti-tumour immunity against 

breast cancer, this begs the question of a potential therapeutic application of our EVs derived 

from HSV1716 infected cells and will be in investigated in the following chapter. 

 

In addition, we found that B2M was upregulated in MDA-MB-231 derived EV-OV in volcano 

plot (Figure 4.2). Also, expressed in MDA-MB-231 derived EV-OV in our validation by 

western blot (Figure 4.5). In addition, B2M was localised in endoplasmic reticulum in cellular 

component as described in (Figure 4.3A). Moreover, B2M protein was implicated in T cell 

activation pathway (Figure 4.5). Beta-2 microglobulin (B2M) has been shown to be expressed 

in almost all nucleated cells, including immune cells, and is highly expressed in stromal cells 

surrounding tumour cells (Pereira et al., 2017). B2M play a critical role in T cell activation 

pathway and is a key component of the MHC class I complex that plays a critical role in 

carcinogenesis and immune response (Rosano et al., 2005). To enter the endoplasmic 

reticulum, B2M proteins in the cytoplasm of tumour cells must first be digested by the 

proteasome and then transported there by a transporter linked with antigen presentation. T cell 

receptors (TCRs) recognise tumour antigens when they are released and displayed on the 

tumour cell surface, and this activation results in the activation of antigen-specific cytolytic T 

lymphocytes (CTLs), which are critical in the elimination of tumour cells in the course of an 

adaptive immune response (Halle et al., 2017). Some studies indicated that B2M deficiency 

allows tumour cells to escape the host's immune control. Therefore,  the absence  of B2M 

protein results in the failure of surface MHC class I expression (Germano et al., 2021). 

Furthermore, researchers discovered that melanoma cells lacking a copy of the B2M gene were 

unable to express MHC class I (Hicklin et al., 1998). In the absence of B2M, the heavy chain 

of MHC class I aggregates in the endoplasmic reticulum and is destroyed in the cytosol 

(Hughes et al., 1997).  MHC class I depletion is one of the primary mechanisms of tumour 

resistance to cytolytic activity of T lymphocytes (Schreiber et al., 2011). Other studies elevated 

that tumour B2M deficiency has previously been linked to immune escape in non-small-cell 
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lung cancer (NSCLC) and melanoma (Sucker et al., 2014, Datar et al., 2021). There were less 

infiltrating CD4+, CD8+, and FOXP3+ T cells in NSCLCs with downregulated B2M 

expression in tumour cells (Datar et al., 2021). OV induces inflammation within tumours, 

leading to the recruitment of T cells necessary for eliminating tumour cells, which induces 

antitumour immunity (Kwan et al., 2021a). This is carried out by exposing the tumour-

associated antigens (TAA) to the circulatory system that activates the anti-tumour response of 

the body's immune system by generating tumour-specific T cells (Ito et al., 2007). T cell 

activation provides longer immunity against re-occurring tumours (Oliva et al., 2017). 

Therefore, some of these proteins could be further explored for their diagnostic or therapeutic 

applications in breast cancer patients. On the other hand, PTX3 is protein downregulated in 

MDA-MB-231 derived EV in mass spectrometry analysis above (Figure 4.2) and was 

upregulated in MDA-MB-231 derived EV-OV in western blot analysis (Figure 4.5 D). Our 

results demonstrated that PTX3 highly enriched in complement component C1q (Figure 4.3 

B). PTX3 works as a pattern recognition molecule (PRM) in the immune system, and it belongs 

to the pentraxin superfamily of opsonin (Garlanda et al., 2018). Bonavita et al when PTX3 

interacts with C1q, it has been shown that it may influence complement activation leading to 

the recruitment of leukocytes, generation of proinflammatory cytokines, and angiogenesis in 

the tumour microenvironment (Bonavita et al., 2015). Although, the fact that PTX3's 

involvement in tumour inflammation is well understood (Hamad et al., 2012, Suliman et al., 

2008). Giacomini et al discovered that the expression of PTX3 is elevated by about 2-fold in 

Doxorubicin (DXR)-EVs produced from the highly metastatic MDA-MB-231 cell line, 

compared to the DXR-EVs generated from the MCF-7 and MDA-MB-468 cell lines with little 

metastatic potential. Taken together, DXR therapy increases both the production of primary 

breast tumour small EVs (sEVs) and the quantity of PTX3 sEV cargo (Bandari et al., 2018). 

However, PTX3 also plays an vital role in tumour development (Giacomini et al., 2018) and it 

has been linked to an increased risk of tumour spread (Chi et al., 2015). However, the 

involvement of PTX3 in the formation of metastatic microenvironments remains 

uncertain(Giacomini et al., 2018). In order to understand the role of EV-OV in breast cancer 

more study is required. Additionally, it is vital to investigate if PTX3 may be a potential 

therapeutic agent.  

In addition, our results showed that proteins from MDA-MB-231 derived EV-OV were 

involved in the top pathway cytokines and chemokines pathways are important for intercellular 

channels of communication in tumours (Anderson and Simon, 2020). Some cytokines such as 

type I and III IFNs , (IL-1b), IL-12, IL-6 tumour necrosis factor-alpha (TNF-a) and granulocyte 



105 
 

macrophage colony-stimulating factor (GM-CSF ) are recognised for its potential to induce the 

maturation of antigen-presenting cells (APCs) and enhance functional properties of natural 

killer (NK) and T cells and can make the tumour cells susceptible to the oncolytic virus  by 

damaging the signaling pathway. (Gujar et al., 2018, Puzanov et al., 2016). Chemokines such 

as CCL2 (also known as MCP-1) and CCL5 (also known as RANTES are well known for 

mediating the migration of immune cells between tissues. They also facilitate cell interaction 

and positioning within tissues. They mediate the movement of leukocytes into tumour lesions 

to influence host response against cancer (Pol et al., 2020). 

 

Taken together these data suggest that the potential of these EV-OV could transfer antitumour 

immunity.  Therefore, the next chapter will study whether EV-OV can transfer viral immunity 

in a mouse model of breast cancer.  
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Chapter 5: Antitumour activity of extracellular vesicles 

derived from infection breast cancer cells   
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5.1 Introduction 

Oncolytic viruses are genetically engineered viruses that are targeted to eliminate cancer cells 

by selectively duplicating while causing no damage to normal cells (Uche et al., 2021). The 

immunogenic activity of OV is increased by viral-mediated immunogenic cell death, which 

includes the activation of T lymphocytes and dendritic cells. In fact, OV trigger cancer cell 

death, releasing antigens into the microenvironment that are recognised by the immune system, 

eliciting immunological responses, and compromising the immuno-editing process. One of the 

most challenging aspects of OV is the transport of the virus to the target area, which is 

complicated by the establishment of an immune response to viral infection (Ferguson et al., 

2012). Clinical trials have mostly relied on direct injection into tumours. However, this is not 

practicable for tumours that are positioned deep the body and so are not readily accessible 

(Chaurasiya et al., 2018). The optimal route of delivery would be via the circulation, allowing 

inaccessible or metastatic tumours to be treated. However, this may activate the immune 

system, reducing viral efficiency and multiplication in the target oncogenic tissues (O`Bryan 

and Mathis, 2018).  

Some of these limitations may be overcome by delivering OVs and chemotherapeutic drugs 

through naturally existing biological cargo transporters (such as EVs) (Russell and Bell, 2012). 

EVs have the potential to transport biological substances to tissues throughout the body. EV 

lipid membranes are hydrophobic in nature and may protect biological components contained 

within from degrading  (Fukuhara et al., 2016).  

The application of EVs from DCs and tumour cells is one of the anti-tumour 

immunotherapeutic techniques. All eukaryotic cells generate nano-sized vesicles capable of 

transporting nucleic acids, lipids and proteins to other cells and participating in cell-to-cell 

communication, resulting in paracrine control (Gurunathan et al., 2019). It has been shown that 

EVs can play a role in the regulation of the immune system, the remodelling of the matrix, the 

pathways that transmit signals, the interchange of oncoproteins and oncogenes between cells, 

the stimulation of angiogenesis, and the formation of a pre-metastatic niche (Lee et al., 2011). 

It has been demonstrated that EVs produced from tumour cells could stimulate the immune 

system on anti-tumour DCs (André et al., 2002, Liu et al., 2018). Immunotherapeutic vaccines 

made from tumour cell derived EVs have the potential to transform cancer treatment. The 

advantages of EVs involved that vaccines that are based on EV may be kept for long periods 

of time without a reduction in their immunotherapeutic effectiveness (Jeyaram and Jay, 2017). 

Moreover, there is more efficient absorption of EVs from antigen-presenting cells rather than 
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soluble substances (Zeelenberg et al., 2008). In chapters 3 we have shown that EV purified 

from cancer cells by ultracentrifugation are in the exosome size range and following infection 

with an oncolytic virus (HSV-1716) these EVs contain viral cargo, suggesting that EVs from 

virally infected cells may have antitumour properties. 

In chapter 4 we also show that these EV-OV could potentially transfer antitumour immunity. 

In this chapter will study whether EV-OV can transfer viral immunity in a mouse model of 

breast cancer.  

In this chapter the antitumor activity of isolated EVs is investigated in this chapter in an 

immunocompetent mouse model of breast cancer. C57/BL6 mice were injected with the 

luciferase-labeled breast cancer cell line EO771-Luc into the nipple. This cell line is produced 

from C57BL/6 mice and represents a spontaneously growing medullary breast cancer (Sugiura 

and Stock, 1952). This cell line is also a triple negative breast cancer (TNBC) cell line for the 

progesterone, oestrogen and human epidermal growth factor HER2 receptors, making it 

challenging to target therapeutically (Johnstone et al., 2015). Furthermore, in C57BL/6 mice, 

this tumour type readily spreads to the lungs (Johnstone et al., 2015). Bioluminescence imaging 

with the IVIS was utilised to monitor tumour development and metastasis since the cell line 

has luciferase labelled.  

The specific objective of the study was to evaluate the targeting of OV in vivo using EVs: 

1-  Determine the biodistribution of EV-OV in the E0771 mammary 

carcinoma model. 

2- Assess induction of antitumour immunity following treatment with EV-OV. 

3- Measure immune activation by expression of pro and anti-inflammatory markers by 

cytokine bead array (CBA). 

4- Perform NanoString Immune profiling analysis of tumours following treatment with 

EV-OV. 

5.2 Results  

5.2.1 The antitumour efficacy of EV-OV in the E0771 mammary carcinoma model  

5.2.1.1  In vivo study design 

Female C57BL/6 mice were obtained from Envigo at 6-8 weeks of age and kept in the 

University of Sheffield Biological Services Unit, where they were cared for in accordance with 
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the University of Sheffield code of ethics and Home Office rules. With the assistance of Mr 

Matthew Fisher, all work was completed under Dr. Munitta Muthana's Home office project 

licence (PPL1099883). Mice were injected with 1x106 EO771-Luc cells into the nipple and 

weighed every three days. Every three days, the tumour volume was measured with callipers 

and documented (Figure 5.1). When the tumours reached 150-200 mm3, mice were given the 

following intravenous (i.v.) treatments: 

1. Control: Mice were given three injections in total i.v. (13, 15, 17 days) with 100µl PBS. 

2. EV: Mice were given three injections in total i.v. (13, 15, 17 days) with 30µg, 100 µl 

EV derived from EO771 cells and labelled with Alexa fluor 488. 

3. EV-OV: Mice were given three injections in total i.v. (13, 15, 17 days) with 30µg, 100 

µl EV-OV derived from EO771 infected with OV (MOI 5) and labelled with Alexa 

fluor 488.  

4. HSV-1716 (OV): Mice were given three injections in total i.v. (13, 15, 17 days) with 

100 µl HSV1716 GFP at 107 pfu/ml. After receiving therapy, 5 mice from each group 

were culled after 24 h and the remaining mice were culled after 72 h by cervical 

dislocation, and the organs and tumour were removed and kept in liquid nitrogen for 

post-mortem examination. 

Each treatment group consisted of n=10 mice/group. EVs were isolated by dUC from 

EO771 untreated and HSV1716 infected cells with MOI 5 (Kwan et al., 2021a). 
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Figure 5.1: Treatment scheme in C57BL/6 female mice with mammary carcinoma. Mice were 

injected into the nipple with 1× 106 EO771- luciferase cells. Once the tumours reached ~150-200mm3 

mice were injected three times i.v. (13, 15, 17 days) with 100ul of PBS, 30 ug EV from control EO771 

cells, 30 ug EV-OV from HSV1716 infected EO771 cells and 10⁷ pfu HSV-1716 (OV-GFP). On days14 

half of the mice were culled after 24 hrs treatment, the organs and tumours were removed and stored in 

liquid nitrogen for post-mortem analysis. Each treatment group included in this study consisted of n=10 

mice/group. 

 

5.2.2 Biodistribution of EV-OV in mice of the harvested tumour and organs  

To efficiently target cancer directly with EVs, the EVs need localise to tumour tissue in vivo. 

We developed the following proof-of-principle experiment to examine whether systemically 

administered EVs may home into tumour tissue. to visualize the biodistribution of EO771 

derived EV in tumour bearing mice. C57BL/6 mice were injected with EO771-Luc cells at a 

concentration of (1×106) into the nipple of each mouse. At 24 h post injection, the mice were 

sacrificed, tumour and organs (lung and spleen) collected, digested, and subjected to flow 

cytometry. Generally, as shown in Figure 5.2 A, Flow cytometry revealed no significant 

differences in the fluorescent signals obtained in mice treated with Alexafluor 488 labelled EV-

OV (96.9%) compared to tumours treated with labelled EV from control cells (95.9%) and OV 

(using HSV-1716GFP) (83.1%), respectively. To investigate the biodistribution of labelled EV, 

EV-OV, and OV in organs 24 h after injection, lung and spleen tissues were digested and 

analysed using a flow cytometer. As demonstrated in Figure 5.2 B, relatively low levels of 

labelled EV accumulated in the lungs from untreated EO771 cells (1.79%), EV-OV (3.74%), 

and OV (3.60% OV), with no substantial differences as compared to PBS. In digested spleens, 
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there was no notable change in EV, EV-OV, and OV (2.12%, 2.94%, and 3.77%, respectively) 

compared to PBS (Figure 5.2 C). This shows that EVs preferentially aggregate in tumours and, 

as a result, have tumour targeting potential when delivered via the circulation.  
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Figure 5.2: EO771 breast cancer derived EVs preferentially accumulate in mammary tumours 

following systemic delivery. Here the biodistribution of EO771 breast cancer derived EVs was 

investigated following systemic administration in mammary tumour bearing mice. C57BL/6 mice 

Envigo at 6-8 weeks old were given intravenous injections of 30µg fluorescently Alexa fluor 488 

labelled EO771 -derived EV, Alexa fluor 488 labelled EO771 -derived EV -OV and 107pfuOV 

(HSV1716: GFP) and PBS as a control). Tumour and Organs (Lung and Spleen) were harvested 24 h 

after intravenous injection and digested into single cell suspensions, and fluorescence was quantified 

using flow cytometry. A. Representative flow cytometric plots and quantification of fluorescent Alexa 

fluor 488 EO771 derived EV, Alexa fluor 488 EO771 derived EV-OV and 107pfu OV (HSV1716:GFP) 

and PBS as a control at tumour site after 24h. B. Representative flow cytometric plots and quantification 

of fluorescently labelled EO771 derived EV, labelled EO771 -derived EV-OV and 107pfuOV 

(HSV1716:GFP) and PBS as a control at Lung tissues after 24h. C. Representative flow cytometric 

plots and quantification of fluorescently labelled EO771 derived EV, labelled EO771 -derived EV-OV 

and 107pfu OV (GFP) and PBS as a control in Spleen after 24h. Of note, results are presented as mean 

SEM (n=3) and analysed by two-way ANOVA *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. 
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5.2.3 EV-OV shrinks primary mammary tumours.  

In this experiment, we determined the effect of delivering EO771 derived EVs via the 

circulation in mice with primary mammary tumours. The concentration levels of E0771 derived 

EV-OV 7.40E+08/ml whilst EV was greater at 1.35E+09/ml, this was not statistically 

significant, as determined by NTA (Figure 3.5A) or 30 µg protein, as measured by the 

Bradford method.  Mice were intravenously treated (via the tail vein) with three doses of 30µg 

of EV, EV-OV, OV and PBS as a control and monitored over time. When compared to the 

PBS-treated mice, there was no difference in body weight between any of the treatment groups 

after two weeks of treatment. (Figure 5.3B). This suggest that the treatments were not toxic or 

causing any adverse effects on mouse weight. Tumour progression was particularly rapid in 

PBS treated mice and although treatments initially retarded tumour growth between days 13-

16, following cessation of treatment tumours continued to grow. On day 20 after treatment, 

however, a statistically significant reduction in the volume of the average tumour was observed 

in mice who were given EV-OV as opposed to mice that were given PBS (P˂ 0.0001). In 

addition, a statistically significant reduction in the volume of the average tumour was seen on 

days 16 and 20 after treatment in mice given OV and EV in comparison to animals that were 

given PBS (P˂ 0.0001). (Figure 5.3C). Although overall tumour growth was not affected, this 

indicates that EV-OV may have anti-tumour properties. Interestingly this was even more 

effective than the intravenous administration of the OV alone, while the injection of HSV1716 

slowed tumour growth the tumours began to regrow at a fast rate compared to EV-OV once the 

treatment was discontinued. Of note, the use of HSV1716 either alone (OV) or via EV-OV 

does not eliminate tumour completely after treatment is stopped. This suggests that the therapy 

is ineffective on its own and may benefit from combination with other cancer therapies, or that 

the virus must be administered on a continual basis. Furthermore, combining our EVs with 

another cancer therapy might be exciting and should be considered in future work. 

Furthermore, for bioluminescence imaging (BLI), d-Luciferin was administered 

subcutaneously into mice in a volume of 100 µl for 10 min. The mice were then imaged using 

a non-invasive in vivo imaging equipment (IVIS 200 System, Xenogen). Based on the detection 

and quantification of photons generated by luciferin oxidation by luciferase enzymes. 

Bioluminescence imaging of mice receiving EV-OV were in agreement with the calliper 

measurements on day 20 of treatment and showed as marked reduction in the size of the 

primary tumours as shown in (Figure 5.3D). Interestingly, this data suggests that EV-OV are 

more effective that OV alone. This could be due to the vesicles protecting the viral cargo from 

immune recognition or clearance.  
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Figure 5.3: EV-OV shrinks primary mammary tumours. EO771 tumour-bearing mice were 

measured daily using callipers and weighed every three days. A. Particle concentration of E0771 

derived EV and EV-OV B. For the first two weeks after treatment, there was no difference in body 

weight between treated and untreated mice. C. On day 20 following treatment, there was a significant 

difference in average tumour volume between mice given EV-OV (red line: EV-OV) and mice given 

PBS (blue line: PBS). D. Representative bioluminescence photos of mice injected subcutaneously with 

100µl of d-Luciferin for 10 min, as well as photographs of tumours from each treatment group on day 

20. The IVIS 200 was used to capture images of mice. Based on the detection and quantification of 

photons generated by luciferin oxidation by luciferase enzymes. On day 20 of treatment, BLI of mice 

undergoing EV-OV therapy revealed a significant decrease in the main tumour. Data are provided as 

mean  SEM (n=10), and statistical analysis was done using a one-way ANOVA test with multiple 

comparisons for tumour volume ****p<0.0001 

5.2.4 EV-OV does not induce changes in pro-inflammatory cytokines and anti-

inflammatory cytokines 

As previously stated, OV are known to induce inflammatory responses and we have shown this 

following HSV1716 treatment in breast cancer models (Kwan et al., 2021b, Nutter Howard et 

al., 2022). Here we investigated if EV-OV were able to elicit similar responses to OV using a 

panel of proinflammatory and anti-inflammatory markers and whether cancer cell death in 
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response to our treatments had an impact on the tumour microenvironment. The expression of 

cytokines such as pro-inflammatory cytokines (TNF and INF) as well as anti-inflammatory 

cytokines (IL-2, IL-10, IL-12, IL-4, IL-7A, and MCP-1) at the protein level was determined 

using a cytokine bead array (CBA), as described in chapter 2 section (2.1.22.5). Total serum 

was obtained from all treated groups of C57BL/6 mice, and the blood was allowed to clot at 

room temperature for 15-30 min. After that, the blood was centrifuged at 3000 xg for 10 min, 

and the top liquid layer, known as serum, was collected. To remove debris from the serum, it 

was centrifuged at 2000 xg for 30 min at room temperature. The CBA's performance for all 

eight cytokines was previously assessed according to the kit's instructions. Prior to the tests, 

representative dot plots of the standards and standard curves were produced (Figure 5.4). The 

concentrations in pg/ml of cytokines in mouse serum by cytokine bead array assays (Table 

5.1). Moreover, cleared serums were read using an Attune Autosampler which depicts the 

cytokine levels that were measured (Figure 5.5). Only IL-7A was only shown to be 

significantly downregulated in the both the EV treatment and OV groups compared to control 

(Figure 5.5).  IL-7 is a cytokine that plays a critical role in the adaptive immune system and is 

essential for maintaining homeostasis in T cells as well as driving lymphopenia-driven 

proliferation (Surh and Sprent, 2008) . Apart from IL-7 no other cytokines were significantly 

altered in these samples. This may be because the cytokine analysis was done at the end of the 

experiment rather than at earlier time points so we may have missed in any changes.  
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Table 5.1:The effect of EV-OV on the levels of pro-inflammatory or anti-inflammatory cytokines 

in murine mice serum. PBS samples from tubes 1-3, EV samples from tubes 4-6, EV-OV samples 

from tubes 7-9, and OV samples from tubes 10-12. 

Tube IL-10 IL-2 IL-12 MCP-1 IL-4 TNF IL-7A INF-Y 

1 0.80 

 

0.59 

 

0.89 

 

1.83 

 

39.92 

 

1.97 

 

0.45 

 

-1.48 

 

2 0.65 

 

0.32 

 

0.92 

 

1.69 

 

37.83 

 

0.75 

 

0.51 -1.09 

 

3 0.55 

 

0.59 

 

0.24 

 

3.31 

 

31.80 

 

1.93 

 

0.19 -1.30 

 

4 -0.78 

 

0.19 

 

 

-0.40 

 

4.38 

 

41.52 

 

2.02 

 

-0.48 -1.29 

 

5 0.35 

 

0.25 

 

0.15 

 

4.04 

 

59.11 

 

2.43 

 

0.01 -1.40 

 

6 -0.16 

 

0.39 

 

0.76 

 

3.53 

 

61.05 

 

2.06 

 

-0.38 -1.43 

 

7 1.33 

 

0.39 

 

1.08 

 

2.60 

 

46.48 

 

1.50 

 

-0.14 -1.16 

 

8 1.11 

 

0.38 

 

1.12 

 

1.69 

 

62.37 

 

1.79 

 

-0.56 -1.42 

 

9 0.24 

 

0.41 

 

0.85 

 

2.19 

 

40.45 

 

1.57 

 

-0.12 -0.90 

 

10 0.85 

 

0.23 

 

0.21 

 

4.60 

 

40.99 

 

2.39 

 

0.01 -1.36 

 

11 0.48 

 

0.45 

 

0.57 

 

4.69 

 

42.06 

 

2.12 

 

-0.35 -1.34 

 

12 0.57 

 

0.50 

 

0.94 

 

2.94 

 

13.97 

 

2.08 

 

-0.13 -1.47 
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Figure 5.4: Representative dot plot of cytokine standards. Cytokines were measured in twelve 

samples. The performance of the CBA for all eight cytokines was previously evaluated as per the 

instructions given in the kit. The representative dot plots of the standards and the standard curves were 

obtained before the experiments were carried out 

 



118 
 

 

 

 

 

 

PBS EV OV EV-OV
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

IL
-1

0

PBS EV OV EV-OV
0.0

0.2

0.4

0.6

0.8

IL
-2

PBS EV OV EV-OV
0

2

4

6

M
C

P
-1

PBS EV OV EV-OV
0

1

2

3

T
N

F

PBS EV OV EV-OV
0.0

0.5

1.0

1.5

IL
-1

2

PBS EV OV EV-OV
0

20

40

60

80

IL
-4

PBS EV OV EV-OV
-1.0

-0.5

0.0

0.5

1.0

IL
-7

A

*

PBS EV OV EV-OV
-2.0

-1.5

-1.0

-0.5

0.0

IN
F

-Y
 

Figure 5.5: Effect of EV-OV cytokines analysis in pro-inflammatory or anti-inflammatory 

cytokines on murine mice serum. The protein levels of pro-inflammatory and anti-inflammatory 

cytokines were measured using a cytokine bead array after 24 h of tumour bearing mice C57BL/6 mice 

infection with the OV, EV-OV, and EV alone (CBA). IL-7A protein levels were significantly lower in 

treated groups compared to controls. Additional than IL-7, no other cytokines were identified. The data 

are the mean  SEM of n=3 independent experiments, and the statistical analysis was carried out using 

the one-way Anova test with Tukey's multiple comparisons test. 

 

5.2.5 EV-OV possess anti-tumour properties  

 

The anti-tumour activity of EV-OV was assessed within the tumour microenvironment, 

including tumour necrosis and pulmonary metastasis. Using OVs to target tumour vasculature 

is an exciting approach in cancer treatment. OV, like vaccinia and vesicular stomatitis virus, 

may naturally attack tumour vasculature, producing vessel destruction. (Toro Bejarano and 

Merchan, 2015). Research from our lab has shown that HSV1716 alters the tumour 

microenvironment (TME) in order to induce necrosis and antitumour immunity (Kwan et al., 

2021b). 
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Necrosis is a form of cell death that can be triggered by external sources such as viruses or 

bacterial infection (Mohammadinejad et al., 2019). The extent of necrosis was determined by 

estimating the proportion of necrotic regions in the entire tumour section after staining with 

Haematoxylin and Eosin. EV-OV-treated tumours tended to be more necrotic than PBS-treated 

tumours (EV-OV 14±3.2% % vs PBS 5.87±3%) (Figure 5.6A&C). While tumours treated 

with OV alone or EV showed no significant difference when compared to those treated with 

PBS (OV 8.6% and EV 7.6 % vs. PBS 5.87%). 

Additionally, EO771 cells injected into mammary fat pads metastasise to the lungs in C57BL/6 

mice (Johnstone et al., 2015) with many lung metastases identified in PBS-injected mice at the 

end of the study (9.3±1.5). EV, EV-OV, and OV treatments reduced the number of pulmonary 

metastases but only EV-OV was able to provide significant protection compared to PBS-treated 

animals (p<0.05) (Figure 5.6B). Microscopy showed  metastases clusters per lung , which 

appeared as tumour nodules bigger than 10 mm (Figure 5.6C) (Kaseda et al., 2016). 
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Figure 5.6: EV-OV increases tumour necrosis A. The haematoxylin and eosin staining (scale bar = 

2.5mm) revealed that tumours treated with EV-OV were substantially more necrotic than those treated 

with PBS (See arrow in A). B. Mice that were given EV-OV had a much lower frequency of lung 

metastases than mice who were given PBS (scale bar = 2.5mm). Data are mean ± SEM (n=3 mice per 

treatment), and statistical analysis was performed using the one-way Anova test with multiple 

comparisons. *p<0.01. 

 

5.2.6 Successful fluorescent EVs isolation from mice serum  

The ability to identify EVs in mouse serum with high sensitivity and specificity in the pre-

clinical stage using invasive techniques is critical for a more effective approach and enhanced 

therapeutic outcomes (Danielson et al., 2016). Nanoscale flow cytometry (or nanoFCM) is a 

novel approach that can detect particles ~100 nm in sized (Danielson et al., 2016). To assess 

that the labelled EVs from mouse serum 24 h after infection with OV were truly EVs, and to 
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compare EV concentration, size, and fluorescence we used a NanoAnalyzer U30 instrument 

(NanoFCM Co. Ltd., Nottingham, UK). This work was performed with the support of Dr 

Ben Peacock at NanoFCM. Using 488/640 nm lasers and single-photon counting avalanche 

photodiode detections (SPCM APDs), this machine could detect side scatter (SSC) as well as 

fluorescence from individual particles similar to a flow cytometer but with the capacity to 

detect much smaller particles. To achieve this, the concentration of our EV samples was 

evaluated by comparing them to 250 nm silica nanoparticles of known concentration, which 

were used to calibrate the flow rate of the sample solution. A customised 4-modal silica 

nanosphere cocktail was used to size EV isolates according to conventional operating protocols 

utilising a proprietary silica nanosphere cocktail (NanoFCM Inc., S16M-Exo). The following 

treatments were administered intravenously (i.v.) to C57BL/6 mice: 30 µg of Alexa fluor 488 

labelled EO771 derived EV, 30µg of Alexa fluor 488 labelled EO771 derived EV-OV, OV 

(GFP) at 107 pfu/ml. At 24 h post treatment mice were sacrificed, and blood samples were 

obtained, and the blood was allowed to clot at room temperature. After that, the blood was 

centrifuged at 3000 xg for 10 min, and the top liquid layer (serum) was collected. To this 200µl 

of the total exosome isolation solution (Invitrogen) was added then samples were centrifuged 

for 10 min at 10,000 xg at room temperature. Supernatant was removed and the exosome pellet 

was collected resuspended in 50µl of 1x PBS. Samples were shipped to NanoFCM for analysis. 

The NanoFCM analysis revealed no significant changes in particle concentrations between 

serum -derived EV-OV (2.06E+09/ml) and serum-derived EV (9.77E+08/ml) (Figure 5.7A). 

Furthermore, the size of both EV and EV-OV particles recovered from the serum of these mice 

confirmed to the normal exosome size range, with a mean median size of (80-85) nm (Figure 

5.7 B). In general, no variations in particle concentration or size range were detected. 

Furthermore, we demonstrated that the total Exosome Isolation Reagent (from serum) was 

suitable for EV isolation from mouse blood serum. Interestingly using this approach, we could 

still detect the fluorescent serum derived EV that we administered to the mice. For the control 

serum derived EV this was 1% and for the serum derived EV-OV this was (4%) (Figure 5.7 

C).   
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Figure 5.7: Detection of the fluorescent labelled EVs with Alexafluor 488 derived from in 

C57BL/6 mouse serum at 24h post infection. Exosome precipitation method was used to isolate 

fluorescent labelled EVs from C57BL/6 mice blood serum. A. The particle concentrations of the serum 

derived EVs. B. Size distribution of the serum derived EVs determined by NanoFCM. Mean median 

size of (80-85) nm. C. Representative scatter plots of NanoFCM analysis, in this case, data processing 

was carried out via the nFCM Professional Suite v1.8 software. The software's gating enables 

proportional analysis of subpopulations segregated by fluorescent intensities, with size distribution and 

concentration accessible for each subpopulation. Data are shown as mean with SEM, where n=3 and 

analysed with one way ANOVA. No statistical significance was apparent.  

 

5.2.7 EV-OV treated tumours induce anti-tumour immunity: NanoString analysis  

 

Previous research has shown that when oncolytic virotherapy is administered, cellular immune 

responses collaborate with virally induced mechanisms to promote tumour destruction (Nutter 

Howard et al., 2022, Kwan et al., 2021b). 

Therefore, to determine the impact that EV-OV has on the immune pathways, RNA was 

extracted from treated mouse tumours (Section 2.2.20.8).  RNA samples at concentrations of 

150 ng were checked for purity on the Nanodrop 8000 (Absorbance at 260nm) and sent for 

NanoString analysis on dry ice. Mr. Jayakumar Vadakekolathu performed this research at 

Nottingham Trent University's John van Geest Cancer Research Centre, College of Science 

and Technology, using the NanoString murine pan-cancer immune profiling panel. We 
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examined the various immune cells that infiltrated the tumour. Cell-type and pathway profiling 

analysis across treatment groups were performed in R v4.2.0. Normalised gene expression 

intensities were mean-centred before calculating cell-type signature and pathway expression 

scores as the mean average log2 expression intensity for all genes in each ontology (annotation) 

detailed in the NanoString document LBL-10094-02 (nCounter Mouse PanCancer Immune 

Profiling Panel Gene List). Interestingly in the EV-OV-treated tumours, the majority of the immune-

related cell types in the panel showed a trend towards elevation to similar levels as mice treated with 

virus HSV1716 alone (OV) (Figure 5.8). However, NK cells (CD56dim), T cells (cytotoxic CD8), 

neutrophils, and total TILs increased significantly more in EV-OV-treated tumours than in PBS-treated 

tumours.  

 

 

 

 

Figure 5.8: Tumour infiltrating immune cells are upregulated by EV-OV. The R v4.2.0 was used 

to score cell types to demonstrate the presence of tumour-infiltrating immune cells in PBS, EV, EV-

OV, or OV-treated tumours. The bulk of the immune-related genes in the panel showed an upregulation 

when the tumours were treated with EV-OV. Notably, group means were compared using Tukey's post-

hoc comparison following ANOVA; all groups are compared to all groups. Graphical plotting was 

carried out using ggplot2 v3.3.6. Data are expressed as the mean average centred signature score  SEM 

for n = 3 mice/treatment. *p<0.05 **p<0.01 ***p<0.001   
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In addition, we looked at the immunological pathways of the genes in the PBS, EV, EV-OV, 

and OV-treated tumours. We found a substantial increase in the expression of immune-pathway 

genes in EV-OV-treated tumours compared to PBS-treated tumours (Figure 5.9 and Table 

5.2). Many of these pathways have previously been associated with immunological activation 

by OVs (Thomas and Fraser, 2003, Miller and Fraser, 2000). In the EV-OV treated tumours, 

significant upregulation of the following genes related to adhesion (Thy1-mRNA, Itgal-

mRNA, Cdh5-mRNA), dendritic cell function (Ccr1-mRNA, Ccr5-mRNA,Ccr2-mRNA), B 

cell function (Cd81-mRNA, Cd40-mRNA, Cd83-mRNA), antigen processing (Relb-mRNA, 

Cd74-mRNA, H2-Aa-mRNA), MHC (Cd74-mRNA, H2-Aa-mRNA), leukocyte function 

(Ccr1-mRNA, Itgal-mRNA, Tlr2-mRNA),macrophage function pathway(Ccr5-mRNA, Csf1r-

mRNA, Msr1-mRNA) microglial function ( Cx3cr1-mRNA, Casp1-mRNA, Nod2-mRNA), T-

cell function (Cd3d-mRNA,  Cd74-mRNA, H2-Aa-mRNA), and TLR (Tlr9-mRNA, Tlr2-

mRNA, Tlr8-mRNA) were seen. The top 10 genes differentially regulated genes for the EV-

OV treatment group and the PBS treatment group are summarised in Table 5.2. Together the 

NanoString analysis demonstrates that EV-OV have potential to induce immune pathways in a 

similar manner to OV treatment that could be responsible for the antitumour properties we see 

earlier. This also supports the use of EVs as an alternative source of OV for cancer treatment.  
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Figure 5.9:  EVOV up regulated the expression of a range of immune pathway genes similar to 

OV treatment. A significant increase in the expression of a variety of genes associated to immune 

pathways was observed in EV-OV treated tumours than those treated with PBS, including adhesion, 

dendritic cell function, B cell function, antigen processing, MHC, leukocyte function, macrophage 

function pathway, microglial function, T-cell function, and TLR. Of note, Groups means were 

compared using Tukey's post-hoc comparison following ANOVA; all groups are compared to all 

groups. Graphical plotting was carried out using ggplot2 v3.3.6. Data are expressed as the mean average 

centred signature score  (SEM) for n=3 mice/treatment group. *p<0.05 **p<0.01 ***p<0.001. 
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Table 5.2: Top 10 genes differentially regulated in EV-OV treated tumours. Genes related to 

adhesion (Thy1-mRNA, Itgal-mRNA, Cdh5-mRNA) , dendritic cell function (Ccr1-mRNA, Ccr5-

mRNA,Ccr2-mRNA), B cell function (Cd81-mRNA, Cd40-mRNA, Cd83-mRNA) , antigen processing 

(Relb-mRNA, Cd74-mRNA, H2-Aa-mRNA), MHC (Cd74-mRNA, H2-Aa-mRNA), leukocyte 

function (Ccr1-mRNA, Itgal-mRNA, Tlr2-mRNA),macrophage function pathway(Ccr5-mRNA, Csf1r-

mRNA, Msr1-mRNA) microglial function ( Cx3cr1-mRNA, Casp1-mRNA, Nod2-mRNA), T-cell 

function (Cd3d-mRNA,  Cd74-mRNA, H2-Aa-mRNA), and TLR (Tlr9-mRNA, Tlr2-mRNA, Tlr8-

mRNA) are indicated (n=3) with fold change in expression over the control (PBS) and the pathways or 

gene sets. Data was processed and analysed using nSolver Analysis Software, using the Advanced 

Analysis module. 

 

Gene Log2 fold 

change 

Gene Sets  

H2-Aa-

mRNA 

1.1 

 

Antigen Processing, Interferon, MHC, T-Cell Functions 

 

Ccr5-

mRNA 

 

0.642 

 

Adaptive, CD molecules, Chemokines & Receptors, Cytokines & 

Receptors, Dendritic Cell Functions, Macrophage Functions, T-Cell 

Functions, Transporter Functions 

 

Ccr1-

mRNA 

 

0.532 

 

CD molecules, Chemokines & Receptors, Adaptive, Cytokines & 

Receptors, Inflammation, Innate, Leukocyte Functions, Transporter 

Functions, Dendritic Cell Functions 

 

Ccr5-

mRNA 

 

0.642 

 

Adaptive, CD molecules, Chemokines & Receptors, Cytokines & 

Receptors, Dendritic Cell Functions, Macrophage Functions, T-Cell 

Functions, Transporter Functions 

 

Tlr9-mRNA 

 

0.903 

 

CD molecules, Chemokines & Receptors, Inflammation, Innate, 

Interleukins, TLR, Transporter Functions 

 

Cx3cr1-

mRNA 

 

0.456 

 

Chemokines & Receptors, Cytokines & Receptors, Macrophage 

Functions, Microglial Functions 

 

Cd81-

mRNA 

 

0.783 

 

B-Cell Functions, CD molecules 

 

Thy1-

mRNA 

 

0.48 

 

Adhesion, CD molecules, T-Cell Functions 

 

Cd74-

mRNA 

 

0.945 

 

B-Cell Functions, CD molecules, Antigen Processing, Innate, MHC, T-

Cell Functions 

 

Cd3d-

mRNA 

 

0.669 

 

CD molecules, T-Cell Functions 
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5.3 Discussion 

In this chapter the effect of purified EVs were investigated for their antitumour efficacy in a 

mouse model of mammary carcinoma.  

5.3.1 Biodistribution of EVs to the tumour  

The most prevalent cause of cancer-related mortality is metastatic dissemination of tumour 

cells to distant places  (Gupta and Massagué, 2006). Compared to healthy blood vessels, tumour 

vessels exhibit leakier vasculature and reduced lymphatic drainage (Bae and Park, 2011, 

Walker et al., 2019), which is thought to facilitate the transit of nanoparticles into the interstitial 

space and produce excessive retention inside tumour tissue. In view of the fact that EV are as 

small as nanoparticles, it is plausible that accumulation of EV in tumours may adopt the same 

approach (Wiklander et al., 2015). In this study, ex vivo fluorescence characterization was used 

to assess the biodistribution of EO771-derived EVs after tail vein injection into mice.  Indeed, 

a considerable accumulation of EO771-derived EV-OV in the tumour (96.9%) was noted 

compared to the spleen and lungs 24 h after IV injection. In fact, this was higher than delivering 

virus on its own suggesting that using EVs as a delivery vehicle is superior to OV delivery 

(83.1%). Other studies have also reported that small-EVs tagged with Cy5.5 can be 

successfully delivered into tumours after 24h following intravenous injection in SKOV3 

xenograft mice (Kim et al., 2017). In other studies that looked specifically at the biodistribution 

of EVs in mice with tumours, following IV delivery, no small-EVs were found in the tumour 

during the first h (Jung et al., 2018). Moderate quantities of EVs were observed in tumours 

between 2–12 h and 24 h  (Abello et al., 2019, Gao et al., 2018, Goh et al., 2017, Kim et al., 

2017, Kooijmans et al., 2016, Lee et al., 2018, Li et al., 2018, Smyth et al., 2015). Finally, after 

24 h, there was a relatively small detection in the tumour  (Abello et al., 2019). For this reason, 

we chose to use the 24-h time point for further analysis. 

 

5.3.2 Extracellular vesicles derived from OV infected cells shrink primary mammary 

tumours.  

Extracellular vesicles derived from HSV1716 infected breast cancer cells have a significant 

impact on tumour volume and pulmonary metastasis reduction compared to the other treatment 

groups (Figure 5.3). Interestingly this was even more effective than the intravenous 

administration of the OV alone, while the injection of HSV1716 slowed tumour growth the 

tumours began to regrow at a fast rate compared to EV-OV once the treatment was 
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discontinued. Of note, the use of HSV1716 either alone (OV) or via EV-OV does not eliminate 

tumour completely after treatment is stopped. This suggests that the therapy is ineffective on 

its own and may benefit from combination with other cancer therapies, or that the virus must 

be administered on a continual basis. Furthermore, combining our EVs with another cancer 

therapy might be exciting and should be considered in future work. Prior research has created 

a technique for encapsulating anti-cancer medicines in EVs, such as oncolytic virus (Ad5D24-

CpG) with one of the most often used chemotherapeutics Paclitaxel (PTX). The IV 

administration of the A549-derived EV-Virus-PTX formulation to nude mice resulted in 

considerably lower tumour development when compared to naked virus and Virus + Abraxane 

(Garofalo et al., 2019). A disadvantage to this study is they were unable to investigate the 

immune effects as this was performed in immune compromised mice.  

5.3.3 EV-OV induces anti-tumour properties.  

Necrosis is a form of cell death that is triggered by outside stimuli such as infection and toxins. 

Many strategies, including necrosis, are used by OVs to cause cell death (Wang et al., 2014). 

Our group demonstrated that mice with prostate tumours injected with HSV1716-carrying 

macrophages (MDM + OV) had considerably more necrotic tumours than those who received 

OV without macrophages (MDM) (Muthana et al., 2015). Moreover, Kwan et al revealed that 

C57BL/6 mice were given an intravenous injection of HSV1716, and the results revealed a 

suppression of the development of primary mammary tumours, as well as a decrease in 

pulmonary metastasis and an enhancement in tumour necrosis (Kwan et al., 2021a). These 

finding was also consistent with our in vivo investigations in this chapter, which showed that 

necrosis increases in mice treated with EV-OV (Figure 5.5A). However, pulmonary metastasis 

decreases in mice treated with EV-OV (Figure 5.5B). No significant change was observed in 

the production of proinflammatory cytokines such as tumour necrosis factor (TNF) (Fadok et 

al., 2001). However, these cytokines were measured at the end of the experiment (day17) so 

these changes may have been missed. It would have been interesting to look at cytokine profiles 

at earlier timepoints.  
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5.3.4 Successful detection of fluorescent EVs isolation from mice serum after infection 

with OV    

EVs have been identified as novel biomarkers and cell-to-cell communicators that might be 

used as a significant diagnostic, prognostic, and therapeutic tool. Previous research has 

employed the NanoFCM method to identify EVs in plasma from healthy blood donors. In order 

to collect plasma, the blood was centrifuged for 5 min at 500 x g, then for 15 min at 5,000 x g 

and for 15 min at 12,000 x g, all at room temperature (Danielson et al., 2016). Danielson et al 

demonstrated that NanoFCM can be used to visualise the distribution of EVs in the 100–500 

nm size range, and that EVs can be detected in the range of 100 nm. Another study have 

employed fluorescence-based thresholding to identify tagged beads or immune cell-derived 

EVs in the 100–200 nm range (van der Vlist et al., 2012). In addition to this, our results 

demonstrate the labelled EVs with Alexaflour 488 populations isolated from small samples of 

mouse serum by commercial exosome isolation reagent, the EVs were mostly composed of 

vesicles with sizes (80-85) nm in the range of exosomes (Figure 5.7 B). Our result detected 

that the fluorescent serum derived EV that we administered to the mice even after 24 h (Figure 

5.7 C). This is exciting as they were not all cleared even after 24 h so could have longer 

antitumour activity.  Li et al demonstrated that the variability that may be seen in the biogenesis 

of various MSC-EVs. Throughout the cell culture process, distinct MSC-EVs were collected 

at certain time periods, including 3 h, 6 h, 12 h, 24 h, and 48 h. This was done so that the pattern 

of MSC-EV secretion could be better understood. A comparison of the secretion curves of 

MSCEVs reveals that they are distinct from one another, 12 to 24 h after cell seeding was when 

the concentration of MSC-EVs reached its highest point (Li et al., 2023). 

 

5.3.5 EV-OV treated tumours induce expression of immune-related genes  

EV-OV triggered a variety of immune-related pathways, according to NanoString analysis. 

Genes related to adhesion (Thy1-mRNA, Itgal-mRNA, Cdh5-mRNA) , dendritic cell function 

(Ccr1-mRNA, Ccr5-mRNA, Ccr2-mRNA), B cell function (Cd81-mRNA, Cd40-mRNA, 

Cd83-mRNA), antigen processing (Relb-mRNA, Cd74-mRNA, H2-Aa-mRNA), MHC (Cd74-

mRNA, H2-Aa-mRNA), leukocyte function (Ccr1-mRNA, Itgal-mRNA, Tlr2-mRNA), 

macrophage function pathway (Ccr5-mRNA, Csf1r-mRNA, Msr1-mRNA), microglial 

function (Cx3cr1-mRNA, Casp1-mRNA, Nod2-mRNA), T-cell function (Cd3d-mRNA,  

Cd74-mRNA, H2-Aa-mRNA), and TLR (Tlr9-mRNA, Tlr2-mRNA, Tlr8-mRNA) were 
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increased following EV-OV therapy. This shows that EV-OV therapy might increase the 

expression of the vast majority of immune-related genes in the NanoString immune profiling 

panel. OVs are well-known for their ability to stimulate the immune system. A study by Zhang 

et al. explored the therapeutic impact of oncolytic type 2 oHSV2 in mice with colon cancer. In 

both unilateral and bilateral colon cancer models, oHSV2 demonstrated anticancer effects in 

vivo. The amount of positive immune cells (natural killer [NK], CD8+ T, and dendritic cells 

[DCs]) was elevated in the spleen as a result of oHSV2 therapy. 

In contrast, the content of inhibitory immune cells (myeloid-derived suppressor cells [MDSCs] 

and regulatory T cells [Tregs]) decreased (Zhang et al., 2020). A group of researchers has 

modified OV to be more immunogenic. It produces genes that enhance the activity of immune 

cells. For instance, it has been proven that expressing HSV and vaccinia virus may attract 

antigen-presenting cells (APCs) through the production of granulocyte-macrophage colony-

stimulating factor (GM-CSF)(Andtbacka et al., 2015, Breitbach et al., 2011). According to our 

findings, EV-OV stimulates tumour necrosis and activates antitumour immunity by T cell 

antitumoral activity.  Chen et al elevated that cancer therapies cause the death of tumour cells 

and the release of tumour antigens. After that, dendritic cells display these antigens in the 

lymph nodes that are drained by the tumour in order to regulate and boost the immune response. 

Tumour-specific T lymphocytes then enter the bloodstream, allowing them to penetrate the 

tumour bulk. T cell-mediated cancer cell lysis results in the release of additional tumour 

antigens that contribute to the perpetuation of the cycle (Chen and Mellman, 2013).  

Our findings confirm that OV may be delivered to mouse mammary tumours through EV, 

inhibiting tumour development while boosting tumorigenesis and triggering anti-tumour 

immunity. Together this data suggests that EVs can deliver viral cargo. 
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Chapter 6: Summary of key findings and general conclusion 
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6.1 Summary of main outcomes and general conclusion 

EVs offer expeditiously multidimensional roles in the safe delivery of encapsulated cargo. EV-

based cell-free therapy has emerged as a comparatively safe strategy in clinical treatments 

(Bunggulawa et al., 2018). EVs are considered important vehicles for regulating the phenotype 

and function of EV recipient cells, and they are capable of transporting therapeutic agents from 

one cell to another (Gangadaran et al., 2017). Oncolytic viruses render a novel class of cancer 

therapies and are being extensively examined in clinical trials (Sprague et al., 2018). The 

current study investigates the capacity of EVs to carry viral cargo from OV-infected breast 

cancer cells. Chapter 3 specifically deals with the characterization of EVs through multiple 

techniques. Initially, the concentration of HSV1716 required to kill 50% of MCF-7 and MDA-

MB-231 was calculated. MDA-MB-231 cells were found to be more sensitive to HSV1716 

than MCF-7 cells. Based on the data, MOI 0.5 for MCF-7 cells and MOI 1 for MDA-MB-231 

cells (causing 50 % cell mortality) were selected for further studies (Figures 3.1 and 3.2). This 

is in line with published work from our laboratory which has demonstrated that MOI 5 was 

effective at killing between 50-70% these tumour cells (Kwan et al., 2021a). In this study, virus 

titrations at lower MOIs showed similar effects. As well as these findings, Tan et al reported 

that MDA-MB-231 cells were 50% viable after 48 h of treatment with a mutant HSV-1 strain 

(Tan et al., 2015). As a next step, we assessed the physical characteristics of the EVs purified 

from the tumour cell lines with and without HSV1716 infection. NTA and TEM analysis 

revealed that the MCF-7 and MDA-MB-231 derived EV (no viral infection of cells) and EV-

OV (after infection with OV) had a diameter of approximately 50 to 500 nm with an average 

size of 150 and 200 nm (Figure 3.3 A and C & Figure 3.4 A, B). This size range depicts that 

the EV population mainly consisted of small nanosized vesicles, most likely exosomes. Raposo 

and Stoorvogel have also noticed the round or spherical shape of EVs under TEM and the 

associated cup-shaped EVs with the fixation process (Raposo and Stoorvogel, 2013a). 

Interestingly, MDA-MB-231 cells were noted to produce more EVs than MCF7 cells (Figure 

3.3 D). This may be due to the more aggressive nature of this TNBC cell line and its ability to 

divide rapidly in culture (Oh et al., 2018). A previous study also showed HSV-1 infection 

enhanced the concentration of human epithelial cells derived EVs (Deschamps and Kalamvoki, 

2018). Garcia-Hernandez et al also demonstrated an increase in EV secretion by MDA-MB-

231 cells after Linoleic acid (LA) treatment (Garcia-Hernandez et al., 2021). Indeed, increased 

production of EVs by cells in response to an insult or injury has been reported previously (Dias 

et al., 2018). Additionally, a study by (Lu et al., 2023) evaluated the varying oncolytic effects 
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of conditionally replicating adenoviruses (CRAd) on different cancer cells, including breast 

cancer. The study found that CRAds killed different types of cancer cells but were safe for 

normal human cells as well. The multiplicity of infections or duration of treatment was found 

to correlate positively with antitumour activity. The sensitivity of cancer cells to CRAds varies 

depending on their type. Oesophageal cancer cells EC109 and breast cancer cells MCF-7 

demonstrated the most efficient oncolytic effects. The survival rate of BJ-1 cells was 85.43 + 

3.56% at MOI 10, showing that CRAd was safe for human normal cells. 

 

It was important to confirm that the EVs we were purifying were not contaminated with free 

OV particles that hadn’t been taken up by cells or released from the cells following viral 

replication, particularly as HSV1716 is similar in size to EVs. A typical HSV1716 virus is 70-

100 nm in diameter (Howard et al., 2022). This was achieved by utilising the purified EVs in 

a plaque assay. This confirmed the absence of free contaminating virus in MCF-7 and MDA-

MB-231 derived EV-OV as no viral replication was detected compared to when adding the 

virus directly to the Vero cells (Figure 3.5 A and B). 

 

Satisfied that our EVs were free from contaminating OV, next we performed western blot 

analysis using typical marker proteins for EVs including CD9, CD63, and TSG101. The data 

revealed the enrichment of these proteins in MCF-7 and MDA-MB-231 cell lysates as well as 

their derived EVs (EV and EV-OV) (Figure 3.6 B, C, and D), (Figure 3.7 H, I, and J). As 

discussed earlier in chapter 3, these protein markers have been frequently used to characterize 

EVs in various studies  (Dogrammatzis et al., 2019). To develop robust high-throughput 

screening methodologies for the identification of exosome inhibitors in breast cancer models, 

a rapid, convergent approach was developed recently to modulate exosome biogenesis or 

release in various tumour types to speed drug repurposing against metastasis progression 

(Andreu et al., 2023). Specifically, the study stated that CD9 and CD63 tetraspanins represent 

a reliable means of isolating exosomes from other vesicular populations (Andreu et al., 2023). 

Importantly, in this study, we wanted to determine if any viral cargo was found in our purified 

EVs. By western blotting with sheep anti-HSV1716 antibody, we detected viral proteins in 

infected MCF-7 and MDA-MB-231 cell lysates and enveloped viral gB proteins were the most 

prominent proteins in the EVs from OV-infected cells (Figure 3.6 F), (Figure 3.7 L). Birzer 

et al., have also reported the envelope protein as the most prevalent viral protein (Birzer et al., 

2020), which is an essential part of the fusion mechanism for viral entry and cell-cell fusion 

(Krawczyk et al., 2011). This suggests that EVs can transfer viral cargo between cells and 
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therefore have the potential to induce viral responses. Therefore, we investigated the potential 

anti-tumour activities of adding our EVs to naïve breast cancer cells.  

 

First, we looked at the uptake of EVs. Membrane dye C5-Maleimide-Alexa flour 488 was used 

to label the EVs before culturing with cells and using fluorescence imaging, uptake of EV and 

EV-OV was evident in both MCF-7 and MDA-MB-231 cells. Using an antibody to HSV1716 

we could also detect viral proteins within cells that have been exposed to either OV only or 

EV-OV. Virus-only infected cells demonstrated the presence of the virus in the cytoplasm of 

the cells whereas the EV-OV virus proteins were also detected in the nuclei (Figure 3.12 A 

and B), (Figure 3.13 A and B). This is exciting as it demonstrates that EV-OV can transfer 

viral cargo within the cells. Current discussion centres on the role of EVs in viral transport and 

pathogenesis and the relationships between EVs, viruses, and the immune system. The role of 

EVs in virus-associated diseases is now considered a promising approach for combining 

viruses and EVs as therapeutics, with a particular focus on cancer-related therapies (Sheta et 

al., 2023). 

 

Next, our research focused on determining the impact of the EV-OV on cell migration. The 

data of the scratch-wound assay indicated that EV-OV inhibited cell migration compared to 

untreated MDA-MB-231 cells and EV-treated MDA-MB-231 cells. This suggests that the EVs 

derived from OV infected breast cancer cells may have anti-tumour properties and could lead 

to developing better clinical methods for the application of OV. A limitation of this study is 

that only OV was used, not in comparison with other approaches in this study. However, it 

should be noted that OV is an emerging promising class of anticancer immunotherapies 

(Shalhout et al., 2023). Many OVs exhibit profiles and up-to-date clinical trials have shown 

encouraging results however, challenges remain regarding optimising appropriate clinical 

endpoints, regulatory pathways, and clinical logistics (Shalhout et al., 2023). 

 

In chapter 4, label-free mass spectrometry was carried out to determine the protein content of 

the EVs. The peptide data analysis identified the relative protein abundances and label-free 

quantitation (LFQ) intensities of each protein were calculated. Perseus software identified 1482 

unique proteins (Tyanova et al., 2016). Three replicates of MDA-MB-231 derived EV, and 

EV-OV proteins within a group exhibited a strong correlation thus confirming the reliability of 

the adopted methodology (Table 4.1). MDA-MB-231 derived EVs intensity histogram 

depicted regular distribution of the data (Figure 4.1). Thirty proteins were significantly 
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expressed in MDA-MB-231 derived EVs. The volcano plot presents 24 up-regulated proteins 

of MDA-MB-231 derived EV-OV in red dots, which mainly included (PPP6C), (B2M), and 

(VIM) (Figure 4.2). PPP6C complex participates in an inflammatory response, lymphocyte, 

and cell differentiation and is also associated with macrophages, CD8 + T cells, and neutrophil 

infiltration in tumours (Xie et al., 2022). B2M is a cancer diagnostic marker protein that 

produces physiologic effects in tumorigenesis and immune regulation (Wang et al., 2021). 

Pathway analysis was also performed in the Panther GO database to better understand which 

pathways these differentially expressed proteins are involved in. OV induces inflammation 

within tumours that recruit T cells for inducing anti tumour immunity through exposing 

tumour-associated antigens (TAA) to produce tumour-specific T cells (Ito et al., 2007). The 

results of this study revealed the involvement of MDA-MB-231 derived EV-OV proteins in 

various important pathways including T cell activation, cytokines and chemokines, EGF 

receptor, and FGF signalling pathways which are important for intercellular channels of 

communication in tumours (Anderson and Simon, 2020). In a related study, it was observed 

that the TGFβ and EGF signalling can facilitates the AP-1- and p63 transcriptional regulation 

of breast cancer spread (Sundqvist et al., 2020). Based on the study, treating individuals with 

breast cancer that has an active EGFR-RAS-RAF pathway is essential. We performed 

additional western blotting to validate the enrichment of PPP6C, B2M in MDA-MB-231 

derived EV-OV. Time permitting more of these markers would have been validated.  In short, 

the data demonstrates that the EV-OV cargo has the potential of initiating antitumour 

immunity. Therefore, the role of these proteins becomes crucial in the diagnostics or 

therapeutics of breast cancer. On the other hand, OV were not detected in EV released by 

infected MDA-MB-231 cells when mass spectrometry was done. This might be due to the fact 

that the complex structure of herpesviruses, which includes both viral and host proteins, makes 

MS analysis challenging. (Knipe and Howley, 2013). Effective therapy requires a prompt and 

accurate identification of a viral cargo. In addition, the brief duration of the study is essential, 

since the timing of antiviral medicine administration is crucial. Various identification 

techniques are currently available; serological typing (e.g., by identifying antibodies in the 

serum) and reverse transcription polymerase chain reaction (RT-PCR) are target directed, 

which means that they may miss unselected or emerging pathogenic viruses (Binnicker et al., 

2013).  

Genetically engineered oncolytic viruses induce cancer cell mortality, evoke immune 

responses, and release antigens in the cancer microenvironment (Uche et al., 2021). Generally, 

direct injection into cancer is carried out, however, this is not feasible for deeply located 
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tumours (Chaurasiya et al., 2018). From above, it is evident that EVs purified from OV-infected 

cancer carry viral cargo and have antitumour properties. In this regard, EVs constituting lipid 

membranes could be handy to protect and efficiently deliver biological components such as 

OVs (Fukuhara et al., 2016, Russell et al., 2012). In chapter 5, a study was conducted to confirm 

the antitumour effects of EV-OV. An immunocompetent mouse mammary carcinoma model 

(C57/BL6) was used with EO771-Luc cells. This is a TNBC cell line that metastasises to mouse 

lungs (Johnstone et al., 2015). First the bio-distribution of EO771-derived EVs in tumour-

bearing mice was investigated following intravenous injection. Here the EVs were labelled 

with Alexa flour 488 for easy tracking. Flow cytometry of dissected tumours and organs (24 h 

post-injection) revealed the highest fluorescence signals (~71.5%) were in tumours treated with 

Alexaflour 488 labelled EV-OV as compared to other treatments (Figure 5.2 A). This suggests 

that EVs derived from the virus (EV-OV) infected cells have tumour targeting properties. 

Additionally, EO771-derived EV-OV preferentially accumulated in the tumour (71.5 %) 

compared to the spleen and lungs 24 h after IV administration. In fact, this was greater than 

virus delivery on its own, indicating that employing EVs as a transport vehicle is better than 

OV delivery (45 %). Other research has supported the use of EVs as potential delivery vehicles, 

For example, Kim et al demonstrated that small-EVs tagged with Cy5.5 are effectively 

transported into tumours 24 h after intravenous injection in SKOV3 xenograft mice (Kim et 

al., 2017). In other investigations that looked particularly at the biodistribution of EVs in mice 

with tumours, after IV infusions, no small-EVs were discovered in the tumour within the first 

hour of the study (Jung et al., 2018). However, in the periods of 2–12 hrs. and 24 hrs., moderate 

amounts of EVs were seen in tumours. Abello et al investigated the biodistribution of Gdl or 

DiR-labeled MSC exosomes delivered into tumor-bearing mice after intravenous injection 

accumulate in the tumour during a 24-48 h period. The accumulation of DiR labelled exosomes 

inside tumour resulted in about twice the fluorescence in tumour compared to labelled 

liposomes used as controls at the 48h observation point; similarly, around 18% of the GdL was 

identified within the tumour 24 h after injection. Since DiR-labeled liposomes did not 

accumulate inside the tumour after 3 hours, this discrepancy shows that exosomes continue to 

exit the vasculature and reach the tumour, where they are sequestered for up to 48 hours. 

Finally, DiR tagged exosomes have a biodistribution that is strikingly comparable to that of 

other DiR labelled nanoparticles, including exosomes produced from different tissues 

following intravenous injection (Abello et al., 2019). As a result of this, we decided to perform 

our biodistribution at the 24-h time point. The timepoint should be noted for future studies 

because it has a substantial impact, particularly on the biodistribution of EVs in mice with 
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tumours. This is true even though the determination of the biodistribution timepoint depends 

on the source of EV, administration route, a dose of EV, recipient animal, and organs being 

studied (Kang et al., 2021).  

We also determined the presence of our fluorescently labelled EVs in the circulation after IV 

administration using Nanoscale flow cytometry. This allowed us to assess the EV particle size 

in mouse blood samples. In general, the purified EV and EV-OV particles recovered from 

mouse serum were in the exosome size range (80-85 nm) (Figure 5.6 A). The fluorescent 

percentage of our administered serum-derived EV and EV-OV was noted as 1% and 4%, 

respectively (Figure 5.6 B). Danielson et al., have also established Nanoscale flow cytometry 

as a reliable method for detecting particles of 100nm size (Danielson et al., 2016). If more time 

was permitted, it would have been useful to further characterise the EVs purified from mouse 

serum. NanoFCM is an innovative technique that can detect particles with sizes less than 100 

nm (Danielson et al., 2016). As imaging flow cytometry has become increasingly capable of 

morphologically characterizing EVs, recent studies suggest that imaging flow cytometry could 

also detect EVs cell types and distinguish between different EV subpopulations using antibody 

labelling approaches because the technique uses high resolution from 20 nm to 1 μm (Pirisinu 

et al., 2022). 

 

The average tumour volume was considerably smaller in the EV-OV-treated group than in the 

OV group (Figure 5.3B). Given viral cargo was successfully transported to the tumour via 

EVs, this suggests that EV-OV has antitumour activity. Interestingly, despite IV HSV1716 

inhibiting tumour development, the tumour resumed to recur at a faster pace than EV-OV after 

the therapy was terminated. It is important to highlight that the use of HSV1716 either on its 

own (OV) or via EV-OV does not eradicate the tumour after the therapy has been discontinued. 

This would imply that the treatment is inefficient on its own with limited doses but may work 

better in conjunction with other cancer medicines, or that the virus would need to be given 

continuously. Although this may lead to resistance in the long term. In addition, combining our 

EVs with another cancer treatment is an interesting prospect, and this idea needs to be taken 

into consideration for future research. EV-OV treatments in combination with other cancer 

therapies such as immune checkpoint inhibitors (ICIs) that can recruit and activate T cells thus 

transforming a "cold" tumour into a "hot” one may eventually result in the development of a 

novel therapeutic strategy for treating breast cancer. For example, (ICIs) are cancer 
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immunotherapies that work by targeting immunologic receptors on the surface of T-

lymphocytes (Robert, 2020).  ICIs serve critical roles in cancer immunotherapy, and the large 

therapeutic benefits produced by ICI have considerably improved the prognosis of many 

advanced malignancies. Despite the efficacy of ICI, resistance to these drugs limits the 

formation of immune responses. The mechanisms of ICI resistance are diverse and include a 

lack of sufficient T cell infiltration and a tumour immunosuppressive microenvironment 

(Bagchi et al., 2021). Anti-ICI resistance therapy is essential to boost the possible response 

rates. Repolarizing tumour associated macrophages (TAMs) is one of the potential ways for 

improving ICI resistance by increasing T-cell antitumor immunity and alleviating tumour 

immunosuppression (Jones et al., 2018, Wu et al., 2019). For immunotherapy to be successful, 

immunosuppressive cells need to have their wiring rewired so that they can produce anti-cancer 

immunity. Based on recent developments, it has been reported that engineered EVs are 

gradually being used as combination therapies instead of monotherapies to combat diverse 

cancerous cells and intricate tumor microenvironment (Chen et al., 2022). As previously stated, 

synthetic EVs are powerful weapons for reverting M2 macrophages in the tumour 

microenvironment (TME), like TAMs to the M1 macrophages are known to prevent tumour 

growth (DeNardo and Ruffell, 2019). In the Choo et al. study, exosome-mimetic nanovesicles 

produced from M1 macrophages (M1NVs) were employed to reset M2 TAMs to M1 

macrophages, demonstrating the potential anti-cancer effectiveness of ICI (Choo et al., 2018). 

Moreover, OV have already been combined with many cancer therapies and even in the clinical 

studies. The current clinical result of ICIs has indicated that they have a beneficial effect in 

melanoma prognosis (Zhang et al., 2019). In this study, OV and ICI therapies for advanced 

melanoma result in long-term antitumor responses in patients. Nonetheless, each has grave 

flaws (Harrington et al., 2019). In terms of OV, the activation and recruitment of immune cells 

during OV-mediated oncolysis eventually activate immunological checkpoints for limiting 

antitumor response and inflammation.  

More and more trials using OV, either alone or in conjunction with ICIs, have recently begun. 

The clinical result suggests that these approaches may have a significant therapeutic advantage 

in advanced melanoma patients (Bommareddy et al., 2018). Nevertheless, the clinical response 

rate and severe irAEs induced by single OV treatment and combination OV/ICI therapy have 

not been comprehensively studied. Based on those treatments, Zou et al did a detailed review 

of single OV treatment and combination OV/ICI therapy for advanced melanoma. According 

to their findings, a single OV therapy may result in a 25% objective response rate (ORR), 
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whereas 12% of patients have severe immune-related adverse events. ( irAEs). The 

combination of OV and ICIs may increase ORR to 48%, suggesting that combined treatment 

was a more realistic and efficient method for advanced melanoma care (Zou et al., 2020). As a 

result, with the approval of ipilimumab (Ledford, 2011) in 2011, ICIs were deemed a 

revolutionary therapy approach, transforming cancer treatment. In certain cases, these drugs 

enabled long-term benefits with a decreased toxicity profile (Johnson et al., 2022). In contrast 

to established treatment techniques, ICIs kill tumour cells by reinvigorating the host immune 

system (Cai et al., 2021). In homeostatic circumstances, immune checkpoints maintain a 

balance of pro-inflammatory and anti-inflammatory signals.  

 

On inspecting the tumours in more detail, we found that EV-OV-treated tumours exhibited 

substantially higher anti-tumour necrosis (14 %) than other treatments and controls (Figure 5.5 

A). Kwan et al., have reported that HSV1716 could alter the tumour microenvironment (TME) 

to initiate necrosis and antitumour immunity (Kwan et al., 2021a). Here we show that EV-OV 

treatment could be just as effective in promoting tissue necrosis and cell death. Collectively, 

these findings point to possible new treatment targets that may be explored. As a consequence, 

these methodologies can be further expanded to evaluate their therapeutic impact on breast 

cancer in humans based on the evidence presented here. This is due to the fact that breast cancer 

in its advanced stages is notably difficult to cure, and the development of novel medicines is a 

pressing medical priority. The administration of OV via EVs offers the possibility of systemic 

administration, which helps to circumvent the difficulties associated with injecting virus into 

circulation. This makes it possible to target tumours that are located deep inside the body. 

 

The EV-OV impact on the immune pathways was assessed by extracting treated mouse tumour 

RNA and analyzing it through the NanoString murine pan-cancer immune profiling panel. The 

results demonstrated that various immune-related cells such as T cells (cytotoxic CD8), NK 

cells (CD56dim), neutrophils, and total TILs considerably increased in EV-OV-treated tumours 

as compared to PBS-treated tumours. Contrarily, EV-OV-treated tumours possessed lower 

levels of DC cells than PBS-treated tumours (Figure 5.8). Our group has also reported 

enhanced tumour destruction following HSV1716 treatment via the collaboration of cellular 

immune responses and virally induced mechanisms (Nutter Howard et al., 2022, Kwan et al., 

2021b). 
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Moreover, the expression of immune-pathway genes significantly increased in EV-OV-treated 

tumours than in PBS-treated tumour (Figure 5.9 and Table 5.2). Specifically, the genes related 

to adhesion, dendritic cell function, B cell function, antigen processing, MHC, leukocyte 

function, macrophage function pathway, microglial function, T-cell function, and TLR were 

found in EV-OV treated tumours. Similar alterations in gene expression after OV-based 

therapies have been reported in previous studies (Zhang et al., 2020, Thomas and Fraser, 2003). 

In short, the NanoString data establishes EV-OV-based stimulation of tumour necrosis and 

antitumour immunity. If more time was available, it would have been interesting to validate 

some of these gene expression changes at the protein level. This would have been done using 

immunofluorescence staining of our frozen tumour sections. Immunofluorescent staining will 

also be used in order to assess the levels of CD3 (T cells), CD8 (Cytotoxic T cells), CD4 (T 

helper cells), F4/80 and NK1.1 (Natural killer cells) expression that are present inside the 

tumours. Before freezing the tumours, they will first be imbedded in optimum cutting 

temperature (OCT), then sectioned using a cryostat (with a thickness of 14 micrometres), fixed 

with ice cold acetone for ten minutes at room temperature, and then rehydrated with PBST for 

one minute. After that, the sections will be stained with anti-CD3, CD4, F4/80, CD8, NK1.1, 

and (4',6-diamidino-2 phenylindole) (DAPI), and then analyses using a confocal laser-scanning 

microscope. Endothelial cell marker 'CD31' will be co-labeled with F4/80. This might indicate 

that macrophages inside the TME are distributed throughout the tumour, with some clustering 

near vascular regions in mice treated with the virus (Howard et al., 2022). 

 

This research provides a potential therapeutic method for transporting OV cargo to tumours 

whilst preserving the virus from inappropriate immune responses. In addition to overcoming 

the challenge of delivering OVs systemically, it enables the treatment of many cancer types, 

especially those that are resistant to traditional treatments or the newer promising 

immunotherapies that have failed in some cancer types (e.g., checkpoint inhibitors owing to a 

low abundance of immune cells inside the tumour). This is certainly relevant for breast tumours 

that are considered to be immunologically 'cold' and unresponsive to checkpoint inhibitors.  

EV-OV had the potential to reprogram the tumour microenvironment to be immunologically 

'hot' (having a higher number of activated T cells), which may open up the possibility of treating 

this cancer type with immunotherapies that ordinarily would not work. The use of OV in 

conjunction with other immunotherapies is an interesting prospect that will undoubtedly be 

investigated in the future (Zou et al., 2020).  
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6.2 Limitation of the study 

A major limitation was that it was unable to identify OV in the EV generated by infected MDA-

MB-231 cells when mass spectrometry was performed. It's possible that this is because of the 

tough nature of MS analysis brought on by the intricate structure of herpesviruses, which 

comprises proteins from both the virus and the host (Knipe and Howley, 2013). For treatment 

to be effective, it is necessary to quickly and accurately identify the viral cargo. In addition, it 

is necessary that the length of the research be kept to a minimum since the timing of the 

administration of antiviral medication is critical. There are currently a variety of techniques for 

identification that can be utilised. Serological typing (for example, by identifying antibodies in 

the serum) and reverse transcription polymerase chain reaction (RT-PCR) are both target 

directed, which means that they have the potential to miss unselected or emerging pathogenic 

viruses (Binnicker et al., 2013).  

Another limitation of this study is that the 100k pellet was obtained by differential 

ultracentrifugation. Despite being enriched with exosomes-sized particles, NTA showed the 

presence of some smaller and larger particles, indicating the presence of microvesicles, 

apoptotic bodies or protein aggregates. This indicated that differential ultracentrifugation could 

not yield exosomes with 100% purity. Currently, there is no universal method which can be 

applied to purify exosomes from the samples with 100% exosome yield. Gardiner et al., 

mentioned some alternatives to differential ultracentrifugation such as density centrifugation, 

filtration and size-exclusion chromatography, which can yield the exosomal pellet with 

relatively high purity (Gardiner et al., 2016). Immunoaffinity has the ability to purify 80% of 

the EVs from the sample and refers to the chemical affinity between the antigen and antibody, 

which is used as a basis for separation of antigens from biological fluids (Moser and Hage, 

2010). However, the application of these techniques depends on their availability. 

One more of these constraints to this study is that we did not have time to do the migration 

assay for MCF-7 cells or the planned in vitro invasion assay for MCF-7 and MDA-MB-231 

cells to examine the chemoattractant gradient-related characteristics of each cell line in 

response to EV-OV. This is owing to the COVID 19 pandemic and the delay in reagent supply, 

such as for the invasion assay kit and mitomycin C for the migration test, which is why these 

experiments were not carried out. 
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In chapter 5 it would have been interesting to look at biodistribution of the EVs in other organs 

such as the brain and liver. However, there was no time to do this and as mentioned above it 

would have been useful to perform more in-depth analysis of the tumours to get a more 

complete picture of the antitumour properties of the EV-OV.  

6.3 Future work 

 

In future, it would be useful to identify the role of PPP6C as a tumour suppressor. First this 

would need to be confirmed by immunohistochemical staining in the tumour tissue followed 

by some knockdown studies to see if the tumour cells are still responsive to EV-OV after 

knockdown of PPP6C. First of all, tumor sections were paraffin-embedded and antigen-

retrieved before being blocked with goat serum and treated with primary antibodies overnight 

at 4 °C. DAB staining was used to identify the target after incubation with the HRP-conjugated 

secondary antibody (Li et al., 2022) .This could be done in vitro using siRNA. Ambion supplied 

the reagents for PPP6C siRNA knockdown (PPP6C: Silencer 43527, non-targeting control: 

Silencer 4390843). Lipofectamine 3000 Transfection Reagent (Thermo Fisher) will be used to 

transfect the siRNA oligonucleotides for 72 h at a final concentration of 100 pmol (Maskin et 

al., 2022). As a result, they sought to identify protein phosphatases that control the innate 

immune response to DNA viruses. In order to accomplish this, they mutated the protein 

serine/threonine phosphatases in SV40-immortalized murine lung fibroblasts (MLFs) using the 

CRISPR-Cas9 system which modify the target sequences, double-stranded oligonucleotides 

corresponding to those sequences and cloned into the lentiCRISPR V2 plasmid, which 

will then transfected with packaging plasmids into the cells. examined the effects on the 

transcription of the interferon-1 (Ifnb1) gene that was induced by the DNA virus herpes 

simplex virus type 1. (HSV-1). As a result of these studies, PPP6C was discovered to be a 

candidate for a negative regulator in the HSV-1-induced transcription of the ifnb1 gene, 

knocking down PPP6C enhanced HSV-1-induced transcription of Ifnb1, Ifna4, Isg56, and 

Cxcl10 genes  (Li and Shu, 2020).  

Moreover, the EO771 mammary cancer model was the only one that was employed in this 

research. It might be beneficial to employ our EV-OV in additional model of breast cancer. 

The use of breast cancer models that are representative of the many subtypes of breast cancer 

might offer information on how well this treatment works. There are few murine cell breast 

cancer cell lines that represent the different subtypes of breast cancer.  To address this species- 
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in vivo preclinical experiments employing immunodeficient mice engrafted with human cells 

or tissues also known as 'humanised' mice or 'human immune system' (HIS) mice could be 

used. Humanized mice have also been used to evaluate the safety of medications that target 

immunoreceptors with species-specific functioning (Allen et al., 2019). To provide another 

example, the cell-derived xenografts (CDX) transplantation models that are appropriate for 

observing experimental metastasis are referred to as metastatic cell-derived xenografts. In these 

models, cancer cells such as MDA-MB-231 and SUM149 cells are injected into the tail veins 

of mice. When considered as a whole, these CDX models make it feasible to verify target genes 

of interest and ease the process of assessing new anti-cancer medications and treatments for 

breast cancer. This is because the CDX models are able to predict the effects of a combination 

of several genes (Borges et al., 2015). Third, primary human breast carcinomas or tumour 

fragments are transplanted subcutaneously or orthotopically into immunodeficient mice (such 

as nude, NOD/SCID, or NOD/SCID/IL2-receptor null (NSG) mice) in PDX transplantation 

models. These mice lack IL-2 receptors, which prevents them from mounting an immune 

response to the tumour (Whittle et al., 2015). The features of the resulting tumours are identical 

to those of the original patients' tumours in terms of histology, genetic signature, and 

heterogeneity, as well as a high predicted therapeutic response (Rosfjord et al., 2014, Cho et 

al., 2016). These models are utilised to find biomarkers for individualised medication selection 

as well as to overcome the limitations of CDX transplantation in clinical therapy(Pillai et al., 

2018). Although subcutaneous PDX transplantation models have been employed in research to 

assess initial tumour development, orthotopic PDX transplantation models are more suited for 

studying metastasis and therapy resistance. 

 

Mass spectrometry was used to determine the content of the EVs but using this approach we 

were unable to identify viral proteins. There are currently a variety of identification methods 

available that could be used in the future; such as reverse transcription polymerase chain 

reaction (RT-PCR) are both target directed viral nucleic acids, which means that they may miss 

unselected or emerging pathogenic viruses (Yip et al., 2019, Binnicker et al., 2013). Yip et al 

used the RealStar® alpha Herpesvirus PCR Kit 1.0 (altona Diagnostics GmbH, Germany) for 

the detection of HSV-1, HSV-2, and VZV DNA. The samples were run according to the 

manufacturer's instructions. In brief, PCR was carried out using the kit reagents combined with 

a 5 L sample template and the LightCycler® 480 Instrument II (Roche, Switzerland) with the 
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following PCR conditions: 95° C for 10 min, followed by 45 cycles of 95° C for 15 s and 58° 

C for 1 min. They evaluated that PCR are able to distinguish between HSV-1, HSV-2, and 

VZV(Yip et al., 2019). 
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