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Abstract  

Mesenchymal Stem Cells (MSCs) hold the ability to home to the site of the 

tumour and bypass the host immune system. Extracellular Vesicles (EVs) are 

thought to be a fingerprint of the parent cell and therefore MSC-EVs may 

retain these cancer targeting properties and immune privilege. The 

development of a novel MSC-EV therapeutic for breast cancer in parallel with 

a diagnostic approach using circulating EV-miRNAs shows strong potential. 

However limited research has focused on the impact of EV administration on 

the host immune system. Therefore, this study aimed to determine whether 

MSC-EV administration in immunocompetent animals would initiate a host 

immune response, and to analyse secreted EV-microRNAs in vitro and in 

vivo.  

Secreted EVs were isolated from the serum of tumour-bearing animals, and 

the conditioned media of breast cancer cells or MSCs by differential 

centrifugation, microfiltration and ultracentrifugation. EVs were 

characterised by western blot, transmission electron microscopy and 

nanoparticle tracking analysis. EV-miRNA expression was analysed using 

next generation sequencing (NGS) and RQ-PCR. Immune competent Balb/c 

mice bearing 4T1 breast tumours, or healthy control animals, received an IV 

injection of either murine or human MSC-EVs. Following sacrifice, tumours, 

draining lymph nodes and spleens were digested into a single cell suspension 

and flow cytometry analysis performed targeting a range of immune cell 

markers for T cells, B cells, Myeloid Derived Suppressor Cells (MDSC) and 

natural killer (NK) cells.  

Small EVs (30-150nm) were successfully isolated with the appropriate lipid 

bilayer and expression of CD63 and CD81 confirmed. There was no 

significant correlation between the number of circulating EVs (6.34 x 109 – 

1.30 x 1010) and protein yield (181.2 – 1914.5µg/mL; R2 =0.26, p= 0.3). 

However, a moderate correlation between tumour burden and the number of 

circulating EVs was observed (R2 =0.386, p=0.047). Although miR-16 was 

detected in all serum EVs, wide variation suggested it would not make a stable 

endogenous control. NGS analysis of 4T1 breast cancer cells and secreted 

EVs revealed the presence of 242 miRNAs. 72 miRNAs were expressed at 

significantly higher levels in the EVs, with a number of these validated by 

RQ-PCR. When immune response to tumour growth was analysed in vivo, 

increased T cells and MDSCs and decreased NK cells were observed. More 

importantly however the proportion of T cells, B cells, MDSCs, Dendritic 

cells and NK cells remained stable in the tumour, draining lymph node and 

spleen of all tumour-bearing/healthy control animals that received either 

human or murine MSC-EVs, with no significant change detected.  

EVs contain a range of miRNA that could potentially help monitor tumour 

burden and therapeutic efficacy. The data presented supports the hypothesis 

that MSC-EVs retain the immune privilege of the secretory cell, with human 

cell-derived EVs eliciting no immune response in mice. This is a promising 

step forward for MSC-EV therapy and reinforces the potential for the use of 

EVs in the cancer setting. 
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1.1 Breast Cancer 

In Ireland there is a 1 in 9 risk of a woman developing breast cancer before 

the age of 75. On average 3,323 women develop breast cancer annually, 

making up 30% of all invasive cancers diagnosed [1]. Men can also develop 

breast cancer although at a significantly lower rate than females, with nearly 

30 men affected by the disease yearly. Unfortunately, there are still 

approximately 700 breast cancer related deaths in Ireland every year with 

death mainly due to metastasis. [2].   

The current mainstream detection method for breast cancer is mammography 

[3]. Mammography is an X-ray that can detect changes in the breast at an 

early stage. In Ireland a Breast Check mammogram is free for women from 

the age of 50 up to the age of 67 [4]. Women who fall into the high risk 

categories can also avail of this free screening, including those with a strong 

family history of the disease or those who have tested positive for a mutation 

in the BRCA gene [5]. The main objective of Breast Check is to detect breast 

cancer at an early stage, therefore leading to a better outcome for the patient 

[6] [3]. First a triple assessment is performed including imaging 

(mammography), family history, followed by physical assessment. If the 

screening shows a positive result, the patient is then sent for further follow up 

including ultrasound and biopsy. Once a biopsy has been performed the 

subtype and grade of the cancer will be confirmed. The patient may receive 

neoadjuvant chemotherapy, this is a course given in the weeks before surgery 

is performed. Neoadjuvant chemotherapy may be employed to decrease the 

size of the tumour along with increasing the breast conserving surgery rate 

and also reducing axillary lymph node dissection [7]. The patient will then 

either have breast conserving surgery or a mastectomy in order to remove the 

cancer [8]. Post-surgery, additional chemo/hormonal therapy may be given to 

aid in the prevention of recurrence. A sample of the tumour will be sent for 

further subtyping analysis, to confirm the epithelial subtype of breast cancer. 

The different epithelial subtypes each have their own molecular, pathological 

and clinical features allowing patients to be stratified and treated accordingly 

[9][10].  
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1.1.1 Epithelial Subtype 

Breast cancer is an extremely heterogeneous disease with tumours composed 

of different biological entities, requiring varying treatments, resulting in 

distinct clinical implications [11]. It is now thought of as a group of diseases 

or subtypes with a range of molecular characteristics as well as varying stage 

and grade. Perou et al, [12] first classified the epithelial subtypes based on the 

varying gene expression profiles between the different tumour types. 

Subtypes are categorized by expression of receptors for the hormones 

estrogen and progestogen, and amplification of Human Epidermal Growth 

Factor Receptor 2 (HER2). There are five subtypes Luminal A, Luminal B, 

HER2 amplified, Basal and normal breast like (Table 1.1).  

 

Table 1.1. Breast cancer subtype classification.  

Subtype ER PR HER2+ 

Luminal A + + - 

Luminal B + +/- +/- 

HER2 - - + 

Basal - - - 

Normal-like + + - 

ER – Estrogen receptor; PR – Progesterone Receptor; HER+ - HER2 Amplified.  

Adapted from [13], [11]. 

 

Luminal type tumours have expression profiles that are similar to that of the 

breast luminal epithelial component. Luminal A expresses higher levels of 

the estrogen receptor (ER). It is usually low grade and when diagnosed early 

has a good prognosis as it responds to targeted endocrine therapies such as 

Tamoxifen [11][14]. Luminal B expresses high levels of the ER and/or 

progesterone receptor (PR) but can also have amplified levels of the HER2 

receptor. Luminal B is less responsive to endocrine therapies and isn’t as well 

differentiated as Luminal A, meaning it is more difficult to treat. However, it 

does respond well to traditional chemotherapies and Trastuzumab if HER2 

amplified [14]. HER2 amplified is an aggressive/invasive type of breast 

cancer generally associated with a poor prognosis. The introduction of the 

monoclonal antibody therapy Trastuzumab in the late 90’s, (which binds to 
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the HER2 receptor), was the first targeted therapy for this subtype and 

significantly improved patient outcomes. There are now several other targeted 

therapies for HER2 amplified breast cancer including the kinase inhibitors 

Lapatinib and Neratinib [15][16]. Triple Negative Breast Cancer (TNBC) and 

Basal-like are the most difficult to treat subtypes. TNBC tumours don’t 

express any currently targetable receptors such as the hormone or HER2 

receptors. Although there is a lot of cross over between TNBC and Basal-like 

subtypes [17] there are notable differences between the two [18]. Basal-like 

may express epidermal growth factor receptor 1 (EGFR) and/or basal 

cytokeratin 5/6, whereas TNBC does not [18]. TNBCs have had 

amplifications of genetic regions noted, but unfortunately none at a level of 

which a targeted therapy can be employed to successfully treat the cancer 

[17]. Due to the lack of targeted therapies, standard chemotherapy is the only 

option, with many patients responding well. Unlike the other subtypes which 

are known to metastasize to bone, TNBC tumours are more likely to spread 

the lungs and brain and are related to a poor prognosis. TNBC is also 

associated with younger women and as a result may then be detected and 

diagnosed at a later stage [11] [17] [19].  

 

1.1.2 Tumour stage  

In 1942 Pierre Denoix developed the tumour-node metastasis system -TNM 

[20].  This helped to classify the disease based on the size of the tumour (T), 

lymph node involvement (N) and whether there were any metastases present 

(M) (Table 1.2). The stage of the disease at diagnosis also impacts the 

treatment course for the patient.  
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Table 1.2. Breast cancer staging.  

Stage Characteristics 

I Tumour (T) <1 inch 

II Tumour <2inches - may involve axillary lymph nodes 

(N) 

III Tumour >2inches – has spread to axillary/nearby lymph 

nodes 

IV Disease has spread beyond the breast to other areas of 

the body (M) 

 

The stages of disease represent progression, Stage 0 or ductal carcinoma in 

situ (DCIS) where abnormal cells are found in the lining of the breast milk 

duct. Stage I is confined to the breast, however as the disease advances the 

stages increase. Stage IV means the disease has spread to other areas of the 

body such as the brain, bone, liver or the lungs [21]. Unfortunately increasing 

stage is correlated with increasing mortality rate. Patients first diagnosed with 

Stage I disease have a five-year survival rate of 98% which decreases to just 

28% in those diagnosed with Stage IV cancer [22] (Fig 1.1).  

 

 

Fig 1.1. 5-year survival rate for breast cancer patients, depending on stage at first 

diagnosis. (image amended from https://www.ncri.ie/data/survival-statistics). 

 

This drastic decrease in 5-year survival for Stage IV patients indicates a 

crucial need for early diagnosis along with a need for a targeted therapy for 

https://www.ncri.ie/data/survival-statistics
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advanced disease. Therapies for each subtype are very effective if the disease 

is caught at an early stage. However as previously mentioned TNBC is 

aggressive and currently lacks a targeted therapy which is imperative for 

patients with this disease. Over the past few decades microRNAs have 

become of interest as having immense potential as a new targeted therapy for 

cancer.  

 

1.2 MicroRNAs 

MicroRNAs (miRNAs) are small (19-22nts) non-coding RNAs, that target 

mRNAs usually through binding to the 3’ untranslated region. Once bound, 

the miRNAs either silence or degrade the RNA of interest thus preventing 

translation to protein [23]. MiRNA discovery had a huge impact on the 

understanding of many different gene processes. They are involved in almost 

all gene regulation pathways, including essential cellular functions such as 

apoptosis and proliferation [24] [25]. Over the years there have been nearly 

4,000 human miRNAs discovered [26]. MiRNAs do not require the target 

region to be perfectly complementary, therefore one miRNA may be 

responsible for the regulation of several mRNAs [27].  

 

1.2.1 miRNA-biogenesis  

MicroRNA biogenesis is a well-regulated system, involving a series of highly 

complex biological processes. The process begins in the nucleus with RNA 

polymerase II transcribing the primary non-coding transcripts (pri-miRNA) 

(Fig. 1.2) [28].  
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Fig 1.2 MicroRNA biogenesis. Biogenesis begins in the nucleus where several 

proteins process the pri-miRNA into pre-miRNA. It is exported into the cytoplasm 

where it is further processed before being loaded into the RISC complex to bind to 

mRNA (image authors own created using Biorender.com). 

 

 

After transcription RNase III Drosha under the direction of DGCR8 cleaves 

the pri-miRNA to create pre-miRNA. The pre-miRNA is transported out of 

the nucleus into the cytoplasm by Exportin 5. In the cytoplasm Dicer, protein 

activator of the interferon induced protein kinase (PACT), TAR RNA binding 

protein (TRBP) and RNase III digest the pre-miRNA into a miRNA duplex. 

The less stable strand is then loaded into the multi-protein RNA-induced 

silencing complex (RISC), and C3P0 removes the passenger strand [29] [30]. 

The RISC complex is composed of Argonaute protein 2 (AGO2), and GW182 

for stability. The RISC complex is activated by the loaded strand by 

interacting with AGO2. Once activated, RISC guides the strand to the 

complimentary regions of the mRNA. The mRNA is targeted by base-pairing 

interactions of the seed region of the miRNA and the 3’UTR of the mRNA 

[31] [32]. The proteins within the RISC complex play a major role in the 

silencing of mRNA, resulting in degradation or inhibition [30]. 
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Unfortunately, disruptions to this biogenesis pathway cause miRNA 

expression to be suppressed or increased, and this can have many implications 

in several diseases including cancer [33] [34] [35].   

 

1.2.2 miRNA in Cancer  

MiRNA involvement in cancer was first reported in 2002 by Calin et al, [33] 

when it was discovered that patients with chronic lymphocytic leukaemia had 

a deletion region located at chromosome 13q14. This deletion resulted in the 

loss of expression of miR-15 and miR-16. When investigated further it was 

discovered that the majority of patients either had deletion or down regulation 

of these two miRNAs [33]. MiRNAs can act as either oncomiRs meaning 

their expression encourages the progression of cancer, or tumour suppressors 

where their expression or function prevents the occurrence of cancer. 

Unfortunately if a tumour suppressor is silenced due to a mutation, this can 

facilitate the formation and progression of cancer [36] [37].  

 

1.2.3 miRNA as OncomiRs 

MicroRNA-21 has been extensively shown to play an oncogenic role in breast 

cancer through an ability to suppress expression of tumour suppressors 

Phosphatase and tensin homolog (PTEN) and  Tropomyosin 1 (TPM1) [38]. 

MiR-21 also has the potential to inhibit response to chemotherapy in breast 

cancer. Suppression of miR-21 using a polyamidoamine (PAMAM) 

dendrimer vector combined with taxol chemotherapy resulted in increased 

taxol response in breast cancer cells. There was also an increase in apoptosis, 

along with reduced invasiveness and cell viability in cells that received the 

combination treatment when compared to those treated with taxol alone [39]. 

Other miRNAs that have been associated with breast cancer promotion 

include miR-10b and miR-9 where silencing of these miRNAs has shown to 

inhibit metastasis In Vitro and In Vivo [40] [41]. MiR-21 suppression in 

glioma cells increased caspase activity and apoptosis In Vitro. When brought 

into a murine model there was complete eradication of gliomas treated with 

the combination therapy [42][43]. MiR-155 elevated expression is also 

associated with poor prognosis in glioma malignancies and lymphomas [44] 

[45] [46]. In hepatocarcinoma and aggressive non-small cell lung cancer miR-
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221 & miR-222 are overexpressed. It was shown that this miRNA 

combination targets tumour suppressors PTEN and TIMP3 to enhance 

cellular migration and induce TRAIL resistance [47]. There are also clusters 

of miRs that have been found to be significantly upregulated in cancer 

including the miR-17~92 cluster. The cluster activated by c-MYC was found 

to down regulate E2F1 a cell cycle regulator [48]. Together these studies 

show the role miRNA can play in cancer formation and progression.  

 

1.2.4 MicroRNAs as tumour suppressors   

The let-7 family are well known to be down-regulated in many cancer types. 

This family of miRNAs inhibit well known oncogenes including c-MYC and 

RAS. Let-7 has been found to be reduced in breast cancer cells, with 

overexpression resulting in reduced mammosphere formation and 

proliferation [49]. Down-regulation of miR-34 occurs in various cancers. 

Overexpression of miR-34 In Vitro was found to inhibit invasion and 

migration of breast cancer cells. Expression levels were significantly 

decreased in metastatic breast cancer cells In Vitro and in metastatic breast 

cancer tissue [50]. MiR-34 tumour suppressive ability has been extensively 

investigated in colon [51], non-small lung cancer [52], pancreatic cancer [53] 

and prostate cancer [54].   

In breast cancer miR-335 and miR-126 expression is lost in the majority of 

primary tumours in patients who relapse [55]. Also, it was discovered that 

miR-203 was upregulated in non-metastatic breast cancer cell lines. However, 

in metastatic cell lines there was decreased expression levels of the miRNA 

[56]. These studies together show the importance of tumour suppressive 

miRNAs, the primary focus of this study was on tumour suppressor miR-379.  

 

1.2.5 miRNA-379 

MicroRNA-379 is located on chromosome 14q32 and to date very little is 

known about the role it plays in normal physiology. Over the past 10 years 

there has been an increased interest in the miRNA as a tumour suppressor in 

a range of cancers including breast, liver, gastric, brain, bladder, and lung 

(Table 1.3).  
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Table 1.3 MicroRNA-379 tumour suppressive role in cancer  

 

Abbreviations – OS: Osteosarcoma;  COX-2: cyclooxygenase-2, HCC: Hepatocellular carcinoma, 

AKT: Protein kinase B, FAK: Focal adhesion kinase, EMT: Epithelial-mesenchymal transition; 

MDM2: Mouse double minute 2, IGF-R1: Insulin like growth factor receptor, EIF4G2: Eukaryotic 

Translation Initiation Factor 4 Gamma 2  

 

Our group investigated the tumour suppressive potential of miR-379 in breast 

cancer [57] [58]. Expression levels were quantified in patient breast cancer 

tissue samples and compared to healthy controls. Levels of miR-379 were 

found to be significantly decreases in tumours. When investigated further in 

primary tumours and matching lymph node metastasis, miR-379 levels were 

found to decrease with advancing stage and disease. In Vivo, T47D tumours 

Cancer  Study type Study intervention  Outcome  Ref.  

Breast 

 

Patients 

&  

In Vivo 

T47D cells transfected 

with a miR-379 mimic 

Decreased Cyclin B1 

expression and reduced 

proliferation   

[57] 

Breast  

 

Patients 

&  

In Vivo 

HCC-1954 cells 

transduced with miR-

379 mimic 

Reduced COX-2 

expression and increased 

tumour necrosis 

[58] 

HCC  

 

In Vivo  miR-379 over 

expression by 

transduction 

Inhibition of migration, 

invasion, EMT and 

metastasis  

[59] 

Gastric  

 

In Vitro  miR-379 overexpression 

transfection   

Inhibition of migration, 

invasion and EMT 

[60] 

Glioma In Vitro  miR-379 overexpression 

transfection 

Suppressed proliferation 

and invasion  

[61] 

Bladder In Vitro miR-379 overexpression 

transfection 

Inhibition of migration, 

proliferation and invasion  

[62] 

OS In Vitro miR-379 overexpression 

transfection 

Suppressed proliferation 

and invasion, reduced 

tumour growth  

[63] 

NSCLC In Vitro  miR-379 overexpression 

transfection 

Inhibition of proliferation, 

migration, and invasion  

[64] 

NSCLC In Vitro  EIF4G2 knockdown – 

increased miR-379 

Increased 

chemosensitivity 

[65] 

OS  In Vitro  miR-379 overexpression 

transfection 

Inhibition of proliferation, 

migration, and invasion  

[66] 
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with forced miR-379 expression were found to have significantly reduced 

formation. The tumour suppressive capabilities were then further assessed in 

a HER2-amplified In Vivo model. HCC-1954 tumours with forced miR-379 

expression had equal tumour growth in both the miR-379 group and the 

controls. Although this is in contrast to the T47D model, at end of study time 

point it was discovered that tumours with the forced miR-379 expression had 

increased necrosis from within [57] [58]. 

Cyclooxygenase-2 (COX-2) is associated with the development of breast 

cancer with increased expression associated with larger tumour size, 

angiogenesis and lymph node metastasis [58]. Interestingly miR-379 has a 

predicted binding site on COX-2, therefore levels of COX-2 expression were 

investigated in the tumours with forced miR-379 (HCC-379). Significant 

inhibition of COX2 expression was seen at both mRNA and protein levels in 

the HCC-379 tumours when compared to the control groups. These promising 

results show the potential of miR-379 to inhibit COX-2 a factor well known 

to be associated with poor prognosis [58]. 

Cyclin B1 is associated with a range of cancers including breast, and 

increased expression correlates with poor prognosis [57]. When levels were 

investigated in breast tissues increased expression was observed when 

compared to healthy controls. A significant negative correlation between 

miR-379 and Cyclin B1 was also discovered. T47D breast cancer cells were 

transfected with miR-379 or a Non-Targeting Control (NTC), with decreased 

levels of Cyclin B1 in the 379 infected cells. This was further confirmed by 

IHC on fixed cells with robust Cyclin B1 expression observed in the NTC 

cells with significantly decreased expression in the miR-379 cells. These 

results suggest that miR-379 could be used as a therapeutic intervention to 

potentially decrease Cyclin B1 levels [57]. 

MiR-379-5p function was investigated in hepatocellular carcinoma (HCC), 

and gastric cancer [59] [60]. Decreased levels of miR-379 were associated 

with advanced stage, metastasis and poor prognosis. In both studies, this was 

found to be mediated through suppression of AKT signalling through 

repressed focal adhesion kinase (FAK) 3’-UTR. When AKT signalling was 

activated and FAK expression restored, the tumour suppressive effects were 

reversed. Over expression of miR-379 by viral vectors restored the tumour 
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suppressing properties [59] [60]. In glioma cell lines and tissue, miR-379 is 

also suppressed, with Metadherin (MTDH) identified as the target of action 

in this study. An inverse correlation between MTDH and miR-379 was 

observed [61]. 

Decreased expression of miR-379 in cancer cell lines and tumour tissue has 

been discovered in bladder cancer by Wu et al [62]. When miR-379 was 

restored migration, proliferation and invasion were inhibited. A target gene 

of miR-379 Mouse double minute 2 (MDM2) was discovered, again with an 

inverse correlation observed [62]. In osteosarcoma another miR-379 target 

was identified, Phosphoinositide-dependent kinase-1 (PDK1). PDK1 

expression was shown to promote osteosarcoma proliferation and reverse the 

miR-379 anti-proliferative effects [63]. In non-small cell lung cancer 

(NSCLC), decreased levels of miR-379 correlated with late stage disease and 

metastasis [64]. When investigated in NSCLC tumour tissue, levels of miR-

379 were decreased compared to normal adjacent tissue. In Vitro when miR-

379 was restored in NSCLC cells there was inhibition of proliferation along 

with decreased migration and invasion capacities [64]. MiR-379 has also been 

shown to increase chemotherapy response in NSCLC. Decreased miR-379 

expression was observed in chemo resistant non-small lung cells and tissue. 

By direct binding to the Eukaryotic Translation Initiation Factor 4 Gamma 2 

(EIF4G2) 3’UTR, miR-379 increased lung cancer response to chemotherapy 

[65]. The same relationship between miR-379 and EIF4G2 was also 

investigated in osteosarcomas, with an inverse correlation between EIF4G2 

and miR-379 observed [66]. The only study to date that showed an increased 

expression of miR-379 in cancer was Gururajan et al, [67] prostate cancer cell 

lines and in patients with metastatic prostate cancer. Database analysis 

suggested the miRNA was associated progression free survival. No further 

investigation has since been reported on miR-379 in prostate cancer.  

All these studies taken together support a potent tumour suppressing effect of 

miR-379 and highlight the potential it holds as a promising therapy for cancer. 

Methods of delivery of these miRNAs in the therapeutic setting has become 

of interest including the use of Mesenchymal Stem Cells (MSCs).  
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1.3 Mesenchymal Stem Cells  

Mesenchymal Stem Cells (MSCs) are self-renewing, multipotent progenitor 

cells [68] [69]. MSC potential in the therapeutic setting caused a massive 

explosion of interest over the past couple of decades. Most commonly found 

in the bone marrow, MSCs have also been identified in several other tissues 

too, including the umbilical cord, adipose tissue and skin [70] [68]. MSCs 

have been used in the clinical settings due to easy isolation and expansion, 

with the ability to be cryopreserved without loss of function [71]. MSCs have 

the ability to differentiate into multiple lineages including fat, cartilage and 

bone, and therefore have been manipulated for many regenerative purposes 

[70] [69]. As MSCs are multipotent this makes characterisation difficult. To 

identify MSCs the cells must have the ability to differentiate into the 

previously mentioned lineages and need to possess the ability to adhere to 

plastic surfaces [72]. MSCs must also be positive for the following markers 

CD90, CD29, CD73, CD44, CD49, CD9 and CD105 and be negative for 

CD45, CD11b, CD34, CD14, CD11c, CD79, and CD19 [72]. Several clinical 

trials have assessed the potential of these cells and their healing capabilities 

for many diseases. One of the first studies to use MSCs as a therapy was Le 

Blanc et al in 2004 [73], where a 9-year old boy with leukaemia who had 

severe progressive graft versus host disease (GvHD) received a transplant of 

stem cells from his mother. The boy survived over a year whereas the other 

24 patients in the trial that had developed this late stage disease died within 2 

months. This shows the successful application of MSCs in the clinical setting 

[73]. Today there are currently 109 clinical trials worldwide using MSCs for 

a variety of indications, predominantly osteoarthritis and autoimmune 

diseases [74] [75].  

MSCs have the unique ability to home to the site of a wound and tumours. 

Although the mechanism is not fully understood it is thought to be due to a 

range of chemokine and receptor interactions. The tumour can be thought of 

as an unhealed wound and the homing mechanism may be a result of this [76] 

[68]. The migratory potential of MSCs was investigated in an In Vivo breast 

cancer model. MSCs were chosen for their homing mechanisms and the 

ability to evade host immune detection. MSCs, administered systemically, 

were found to engraft in the primary tumour and its metastases [77]. Tumour 
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secreted monocyte chemotactic protein-1 was observed as influencing the 

migratory potential. When the protein was blocked there was decreased 

migration of MSCs [77]. A subsequent study by this group then exploited this 

tumour-targeted homing for delivery of sodium iodide symporter (NIS). 

Tumour bearing animals received MSC-NIS intravenously (IV) showing 

successful homing of the MSCs to the site of the tumour [78]. These results 

show the potential of cancer homing mechanism of MSCs to delivery 

therapies directly to the sites of cancer  [58] [78].  

However, there are safety concerns surrounding the potential ability of MSC 

to differentiate into multiple lineages, including bone, cartilage and fat. If 

administered, it is unknown if there may be any unwanted differentiation into 

an undesired tissue. MSCs can mask the host immune response, and by 

engrafting at the site of the tumour it is unknown as to whether this will cause 

suppression of an anti-tumour response. MSC’s also secreted a range of 

chemokines that could help the tumour progress by allowing the formation of 

blood vessels [79] [80]. Even though there are increasing clinical trials using 

MSCs [75],  with limited studies showing adverse effects of MSC therapy, 

only recently have MSCs been investigated as a cancer therapy. In Vivo 

administration of MSCs were found to accelerate breast cancer growth by 

increasing the breast cancer stem cell population in nude mice [81]. However, 

autologous 1 x 106 – 2 x 106 MSCs were administered to breast cancer patients 

with locally advanced or metastatic disease (n=24) [82]. MSCs were 

administered to late stage patients along with a dose of peripheral blood 

progenitor cells (PBPC) after a high dose of chemotherapy. The study 

reported that none of the patients experienced allergic reactions. 

Hematopoietic engraftment was prompt in all patients. Bone marrow colony 

forming unit concentrations recovered by 70%. On follow up (4-22 months), 

1 patient died from unknown causes, 11 were disease free, 3 had stable disease 

and 10 had relapsed. Overall this study concluded that autologous MSC 

administration feasible and safe [82]. A phase I/II first-in-human, first-in-

class clinical trial, called TREAT-ME-1 evaluated the safety, efficacy and 

tolerability of administration of autologous MSCs [83]. The MSCs were 

genetically modified using a gamma-retroviral vector containing the HSV-

TK transgene and used in combination with ganciclovir in patients with 
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advanced gastrointestinal adenocarcinoma. Adverse effects were reported 

including coughing, fever and night sweats but no long-term effects were seen 

after a 1 year follow up. There was no increase in tumour markers or 

immunological markers observed. The result of the study was that MSCs were 

safe and tolerable in patients with advanced disease [83] [84]. 

MSC secrete factors including extracellular vesicles (EVs). EVs don’t 

comprise the ability to transform and may retain the immune privileges of the 

secretory parent cell. EVs contain chemokines but do not secrete them, which 

should limit any negative effect when administered. Therefore, EVs hold 

great potential to retain MSC’s therapeutic properties without the safety 

issues and concerns [85] [86] [87].  

 

1.4 Extracellular Vesicles  

While cell-based therapies are promising, significant safety issues remain in 

relation to potential for activation of a toxic host immune response [88]. There 

has been much progress in regards to gene therapy in recent years with many 

different vectors investigated [89]. Lately secretory factors of cells have 

become of interest in hopes that these factors can have the same impact with 

less safety concerns. In recent times there has been an explosion of interest in 

Extracellular Vesicles (EVs). The potential to use EV’s as therapeutic agents 

is an exciting and rapidly evolving field of research, with tremendous 

potential to impact the prognosis of patients with metastatic cancer. However, 

there remains considerable challenges to be overcome, and the speed of 

progress must be tempered with rigorous experimental standards and 

reporting to have a meaningful effect [90]. A basic current challenge exists in 

relation to the nomenclature and definition of EV’s. Regardless of the 

isolation method employed, all EV samples are heterogeneous in nature, as 

other isolated components have similar characteristics and overlap with the 

defining size of the particular EV subset of interest. Investigators are now 

encouraged to use the broader terminology of “Extracellular Vesicles (EVs)” 

to reflect the heterogeneity of samples, whilst providing specific details of the 

experimental protocols employed to isolate and then characterise the EVs. 

This will support meaningful interpretation of data reported, and reproduction 

of experiments to validate findings [91] [92] [90].  
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As our knowledge continues to evolve rapidly, it will be critical to have 

transparent reporting and sharing of information. To this end, an international 

consortium was established in 2014 “EV-TRACK” for just this purpose, to 

support standardisation of EV research through systematic reporting on the 

biology of EVs and the methods used for isolation [91] [92]. The consortium 

created a scoring paradigm, EV-METRIC, for publications in the EV field. 

This metric highlighted nine components of information that are required to 

support thorough interpretation and reproduction of experiments in the field. 

These guidelines were updated in 2018 [90], to include further 

recommendations for groups working with EVs. Characterisation was a major 

focus of this paper; alongside the original three EV-enriched proteins it now 

suggests using negative controls and specific markers for the origin of the EV 

fraction of interest. EVs need to be directly quantified for example by 

Nanoparticle Tracking Analysis, and the preparation/storage of the samples 

needs to be consistent. If stating that the EVs have a function it must be shown 

that it is in fact the EVs that is causing this and not another co-isolated factor 

[90]. It is vital that all standard operation protocols are reported in detail and 

uploaded to the EV-TRACK website www.evtrack.org. Successful 

implementation of EVs for the treatment of cancer in the clinical setting will 

be dependent upon the establishment of rigorous standards for EV 

manipulation, isolation, and characterisation.  

 

1.4.1 EV Biogenesis 

EVs are classed based on the cell of origin, biological function and 

biogenesis. There are three broad categories of EVs which include exosomes, 

microvesicles and apoptotic bodies (Fig 1.3) [93].  
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Fig 1.3 Biogenesis of Extracellular Vesicles. Microvesicles range from 50-1000nm 

in size and are secreted through budding of the plasma membrane. Exosomes are 

30-150nm in size, biogenesis begins in the endosomal pathway converting to 

multivesicular bodies before fusion with the plasma membrane. Apoptotic bodies 

are 500-2000nm in size range and are released following cell death. (image authors 

own created using biorender.com) 

 

Exosomes are roughly 30-150nm in diameter. Biogenesis starts in the 

endosomal pathway, then converts to multivesicular bodies followed by 

fusion with the plasma membrane and are released into the circulation. 

Microvesicles range between 50-1000nm in size and are generated by 

budding from the plasma membrane. Apoptotic bodies are 500-2000nm and 

are released during cell death (Fig 1.3) [94] [95] [58].  

 

1.4.2 Engineering EVs 

EVs contain a range of proteins, lipids, mRNAs and miRNAs and are 

naturally taken up by cells so can deliver these contents to recipient cells (Fig 

1.4) [96] [97] [98] [99] [100].  
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Fig 1.4. EV release and uptake. Release of EVs from one cell into the circulation 

and take up by secondary cell. EVs are thought to be taken up by cells through a 

variety of methods including fusion with the plasma membrane, endocytosis or 

macro/micropinocytosis. (image authors own created using biorender.com) 

 

Increased understanding of this process has spurred a rapid expansion of 

research in this field, investigating the use of EVs as vehicles to transport 

therapeutic miRNAs, proteins or drugs directly to tumour cells. EVs provide 

a relatively stable environment for the therapeutic agent of choice, have the 

potential to be modified to improve cell specific homing, and the ability to 

fuse with the plasma membrane of cells allowing therapy to directly enter 

[101]. A recent study stated that miRNA are minor constituents of EVs that 

are hardly delivered to recipient cells [102]. However, the study employed 

only a limited number of cell types focusing on B cells infected with Epstein-

Barr Virus. The study states that only 5-11% of extracellular miRNA were 

found in the EVs, however, levels of cell infection are not shown in the study 

leading to the possibility that limited miRNA levels was due to a low infection 

rate of the cells. The study also used an assay dependant on EV-CD63 

expression to determine transfer of cargo. CD63 is an EV associated 
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tetraspanin that is expressed on non EV sources or may not be expressed on 

EVs [103]. Therefore, EVs lacking CD63 in the sample may not have been 

analysed [102]. Although interesting the results may be cell specific and a 

wider range of cell types would need to be investigated, as it has been stated 

that EV uptake may be cell specific [104]. 

Allogenic EVs are thought to allow for decreased immune response, 

potentially overcoming one of the main challenges of cell-based therapies 

[105]. The ability to engineer EV content and migratory itinerary holds 

tremendous promise. Studies to date have employed viral and non-viral 

methods to engineer the parent cells to secrete modified EVs, or alternatively, 

to directly manipulate EV content following secretion. While most studies 

have focused on engineering EV content, there is also growing interest in 

mechanisms to modify the EV surface to facilitate targeted uptake by tumour 

cells, while sparing healthy cells. Understanding factors controlling 

packaging of EV content, release, and uptake by target cells will be key to 

successful translation of this exciting approach to the clinical setting [101].   

 

1.4.3 Direct Modification of Isolated Extracellular vesicles for Cancer 

Therapy 

The majority of studies investigating drug loading into extracellular vesicles 

have used non-viral methods such as liposomes, incubation, and 

electroporation (Table 1.4).  
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Table 1.4 Studies employing EVs without genetic modification for the treatment of 

cancer  

EV Source Setting Therapy Tumour  Study Outcome Ref. 

Macrophages 

(RAW 264.7) 

In Vivo PTX/ 

DOX  

Lung Mets Extracellular vesicle PTX 

preferentially accumulated 

in cancer cells 

[105] 

Ascites-

derived  

Clinical 

trial 

AEX alone 

or               

AEX + 

GM-CSF 

Colorectal  AEX + GM-CSF was safe, 

nontoxic, tolerable, and 

induced a beneficial 

tumour-specific anti-

tumour CTL response   

[106] 

Dendritic cells Clinical 

trial 

MHC Class 

II peptides 

Melanoma  Large scale extracellular 

vesicles production was 

feasible and extracellular 

vesicles administration was 

safe and well tolerated  

 

[107] 

Dendritic cells Clinical 

trial 

MAGE  

(tumour 

antigens) 

Lung  Therapy well tolerated with 

some experiencing long 

term stable disease and 

activation of immune 

effectors  

 

[108] 

Dendritic cells  In Vivo IL-4 + GM-

CSF 

Breast  Eradication/suppression of 

growth of pre-established 

tumours in a T cell 

dependant manner  

 

[109] 

Dendritic cells In Vivo MHC  

Class I 

Melanoma MHC Class I restricted 

CD8+ T cell expansion and 

differentiation  

 

[110] 

Dendritic cells In Vivo CpG 

Adjuvant  

Melanoma  Combination of 

extracellular vesicle and 

TLR 3 + 9 triggered 

efficient MHC-restricted 

CD8+ T cell responses  

 

[111] 

Dendritic cells In Vivo DC-Exo 

alone 

Melanoma DC-Exo promoted IL-

15Rα- and NKG2D-

dependent NK cell 

proliferation and activation 

which resulted in anti-

metastatic effects 

 

[112] 

Dendritic cells  In Vitro DC-Exo 

alone 

Breast  Incorporation of DC-Exo 

by tumour cells increased 

ability to activate T-cells 

for a more effective 

response 

 

[113] 

Brain 

endothelial 

cells  

In Vivo rhodamine 

123, PTX, 

DOX  

Brain  Extracellular vesicles 

delivery allowed DOX and 

PTX to cross the BBB 

which resulted in 

cytotoxicity against U-87 

MG cells 

 

[114] 

*Abbreviations: PTX: Paclitaxel; DOX: Doxorubicin; AEX: Ascites derived EVs; CTL: 

Cytotoxic lymphocyte; MHC: Major histocompatibility complex: TLR: Toll like receptor; 

DC: Dendritic cell; NK: Natural Killer    
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Electroporation takes advantage of the EVs porous structure. The drug of 

choice is placed in suspension with the EVs which then have an electric field 

applied. This allows the drug to enter the EVs through pores created by the 

electric field. The concentration of EVs ranges from 0.07-0.5µg/µl per 

electroporation, with successful uptake seen in many studies at varying 

voltages [96]. However, limitations have been encountered when loading EVs 

using this method, including precipitation of siRNA, and poor efficiency of 

DNA transfer [115] [116]. Another non-viral method by which EVs can be 

modified is by simple incubation, employed in many studies investigating 

EVs altered to carry drugs. Either the parent cells are incubated with the drug 

or the EVs are first isolated and then incubated with the drug, however the 

molecular size of the drug must be small enough to penetrate the EV 

membrane [96]. Several studies investigating EVs in cancer research use 

chemically based methods, e.g. Lipofection, to modify the EVs. Lipofection 

is commonly used because it is highly reproducible, effective and simple for 

transient expression of the transfected material [117]. However disadvantages 

include a low transfection efficiency, and in the case of cell manipulation, 

there is a high dependence on cell division [118].  

Dendritic cells (DC) have the unique capability of inducing both primary and 

secondary immune responses. Therefore EVs derived from DCs have been 

extensively investigated for their contribution to immune modulation, 

resulting in three early Phase clinical trials investigating their potential as cell 

free vaccines for cancer [106] [107] [108] (Table 1.4). DC EVs were first 

investigated as a cell free vaccine in 1998 [109], when it was discovered that 

DCs secrete EVs which express T-cell costimulatory molecules and 

functional Major Histocompatibility Complex (MHC) class I & II. The study 

compared the injection of DCs into a tumour-bearing model to cell-free 

injection of EVs derived from immature DCs. In the group receiving EVs 

alone, a potent effect was observed, with delayed tumour growth as well as 

complete regression of the tumour in 60% of mice. DC EVs pulsed with 

tumour peptides (GM-CSF and IL-4) were also employed In Vivo, which 

resulted in suppression or eradication of the established tumour. The results 

of the study spurred several other investigations into the potential of using 

EVs as a cell free vaccine [109] [110] [111]. This then progressed to a Phase 
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I clinical trial in 2005, investigating the potential of DC derived EVs as a 

vaccination against metastatic melanoma [107]. The trial highlighted the 

safety of EV administration as well as the feasibility of clinical scale EV 

production. Patients received four cycles of therapy, with minor responses 

seen in 4 out of the 15 patients. As it was a Phase I trial, tolerance and toxicity 

were the primary focus, with no adverse effects observed in any patients. The 

trial concluded that the hypothesis deserved further investigation in the 

patient setting. Subsequently, the authors investigated a potential alternative 

effector mechanism and received positive results [112], however no follow 

up clinical trial investigating the amended vaccine has since been reported.  

A further Phase I clinical trial investigating DC EV based immunotherapy for 

advanced NSCLC was published in 2005 [108]. This study showed similar 

results, in that the therapy was well received with some stability of the disease 

seen, however progressive clinical trials have not been published since. In 

2007 a Phase I clinical trial focused on using EVs derived from autologous 

ascites with/out granulocyte-macrophage colony-stimulating factor (GM-

CSF) for colorectal cancer therapy. This study was larger than the other 

clinical trials with almost 40 patients completing the study. The group that 

received EVs in combination with GM-CSF demonstrated a tumour specific 

anti-tumour cytotoxic T lymphocyte (CTL) response. Although the study had 

a promising outcome, there was no follow up trial further investigating the 

therapy [106]. Recently a group investigated the potential of DC EVs In Vitro 

as a treatment for breast cancer and found that the incorporation of DC EVs 

by tumour cells increased T-cell activation when compared to the control 

group [113].  

Many drugs cannot cross the blood brain barrier (BBB), restricting efficacy 

of many therapies for metastatic disease. Therefore, it was investigated as to 

whether EVs derived from brain endothelial cells could carry a drug across 

the BBB [114]. EVs were isolated and incubated with doxorubicin and 

paclitaxel. The fluorescent label rhodamine 123 was used to monitor EV 

migration following injection into the cardinal vein of zebrafish. This 

revealed that the EVs efficiently delivered drugs across the BBB into the 

brain. When applied to a brain cancer model it was found that there were 

fewer labelled cancer cells in the brain of the treated group compared to the 
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control group. This shows that engineered EVs can efficiently deliver cancer 

drugs across the BBB and may potentially be used for treatment of brain 

cancers or metastases [114].  

Although investigators continue to look at the potential for direct 

modification of native EVs, the majority of research in this field now focuses 

on engineering the parent cell to secrete genetically modified EVs. 

 

1.4.4 Genetic Engineering of Extracellular vesicles 

Due to the small size of EVs, many investigators engineer the donor cell 

followed by the isolation of EVs containing the gene or drug of interest [96]. 

EVs have been modified to carry a range of contents (Fig 1.5). Gene delivery 

is achieved using either non-viral or viral methods, and different methods 

have been investigated attempting to optimise the most efficient loading of 

the EVs. Extracellular vesicles leave the cell through the endosomal pathway, 

and viruses have been known to hijack this pathway and use it for their own 

benefit [119].  

 

Fig 1.5 EVs for cancer therapy. Engineered EVs and their tumour effect. EVs 

surface/content engineered to allow for increased tumour targeted delivery, 

therapeutic administration or immune modulation. (Details described in Table 1.5)  

 

By manipulating this process, EVs can be engineered to carry a gene or drug 

of interest using a virus to “load” them. However, the donor cell needs to be 

chosen carefully as it is known that EV characteristics and contents will 

reflect the cell of origin. Many studies have used tumour derived EVs, 

however little is known about the role extracellular vesicles play in the 
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premetastatic niche, and whether these EVs will have potential negative 

effects [120] [121].  There are two main types of viral vectors used: retroviral 

and adenoviral. Retroviral vectors (including Lentiviral) transduce cells with 

a high efficiency and can achieve sustained transgene expression, however 

they carry a risk of insertional mutagenesis. Adenoviral vectors can be used 

to transduce both dividing and non-dividing cells to allow transient 

expression, however humans have developed an immune response to the 

adenoviral gene which limits the re-administration of the same vectors [122]. 

A core benefit to using EVs isolated from these cells, is that it is then not 

necessary to directly administer virus to patients.  

 

1.4.4.1 Modifying the surface of extracellular vesicles  

The surface of extracellular vesicles has been modified to support tumour-

targeted delivery of contents, which will be critical in the setting of metastatic 

disease. EVs derived from a human embryonic kidney cell line (HEK293) 

were engineered to express the GE11 peptide and microRNA Let-7a (Table 

1.5) [123].  
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*Abbreviations: HCC: Hepatocellular carcinoma; DOX: Doxorubicin: IL: Interleukin: miR: microRNA; MUC: Mucin; NK: Natural Killer; iNKT: Invariant 

Natural killer T cell; MSC: Mesenchymal stem cell; AMSC: Adipose mesenchymal stem cell; HUVEC: Human Umbilical Vein Endothelial Cells.  

Table 1.5 In Vivo and In Vitro studies using modified EVs for cancer therapy   

EV Source Setting Therapeutic Agent Tumour Model Study Outcome Ref. 

Kidney cells (HEK293)  In Vivo GE11 peptide + Let-7a  Breast  Tumour targeted delivery of Let-7a suppressed tumour growth  [123] 

Dendritic cells  In Vivo Lamp2b fused to αγ 

iRGD peptide + DOX 

Breast Significant inhibition of tumour growth, with no overt toxicity  [124] 

Kidney cells (HEK293T) In Vivo Lamp2b IL3 +  

Imatinib or BCR-ABL 

siRNA 

Chronic Myeloid 

Leukaemia 

IL3L surface improved tumour targeting.  IL3L- Imatinib: reduced 

tumour size; IL3L BCR-ABL siRNA: slower tumour growth  

[125] 

Breast cancer (Hs578T) In Vitro  miR-134 Breast  Increased miR-134 significantly reduced STAT5B, Hsp90 and Bcl-

2 levels resulting in reduced cellular proliferation 

[126] 

HUVECs  In Vitro Pre/anti-miR-503  Breast  Increased miR-503 decreased both proliferation and invasion.  [127] 

Leukaemia cells (THP-1) In Vivo miR-143 Colon Increased miR-143 in tumours resulted in growth suppression. [128] 

AMSCs  In Vivo miR-122  HCC Cancer cells made chemotherapy sensitive via miR-122 expression [129] 

MSCs  In Vivo miR-146b Glioma  Intra-tumoural EV injection significantly reduced tumour volume [130] 

Mouse colon (CT26) & 

breast (TA3HA)  

In Vivo hMUC1 Colon  Tumour size was reduced by MUC-1. CT26-MUC-1 higher dose 

and TA3HA-MUC-1 lower dose showed best results.   

[131] 

Lung cancer (A549) In Vivo Rab27a Adenocarcinoma Rab27a Immunization inhibited tumour growth  [132] 

Mouse Bone Marrow Cells In Vivo α-Galactosylceramide  Melanoma  Induced an early iNKT-cell response, dendritic cell, MZB cell 

activation as well as NK- and T-cell activation and proliferation 

[133] 

MSCs  In Vitro Anti-miR-9 Glioblastoma 

multiforme (GBM) 

Reverse expression of miR-9 sensitized the GBM cells to TMZ 

which increased cell death and caspase activity 

[134] 

Colon (LS-174T) In Vitro IL-18 Colon Exo/IL-18 can chemoattract DCs and T cells which induces IFN-γ 

augmented release of IL-2 and promoted T cell proliferation  

[135] 

Mouse thymoma (E.G7-

OVA) 

In Vivo Ovalbumin, IL-2  Thymoma Induced antigen specific Th1-polarized immune response and CTL 

more efficiently resulting in tumour regression 

[136] 

Leukaemia (K562) In Vivo TRAIL B Lymphoma; 

Melanoma 

Inhibition of tumour growth was seen in both groups, although not 

significantly in the melanoma group 

[137] 

MSC In Vitro TRAIL Variety of cancer 

cell lines 

Induction of apoptosis in range of cancer cell lines, including some 

TRAIL resistant cells. Effect enhanced by use of CDK9 inhibitor. 

[138] 
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GE11 binds to EGFR, which is displayed by several tumours of epithelial 

origin. The EVs were labelled with the near-infrared dye Xenolight DiR and 

injected intravenously into tumour bearing mice. The migratory itinerary of 

the EVs was then monitored using In Vivo Imaging System (IVIS) both In 

Vivo and ex-vivo, and it was found that three times more GE11 EVs reached 

the tumour when compared to the control group. This work then progressed 

to determining whether the GE11 EVs could deliver a tumour suppressive 

miRNA, Let-7A, directly to the tumour. EVs were administered to mice via 

tail vein injection. Tumour growth was measured following four sequential 

injections of 1µg EVs weekly for four weeks, with effective suppression of 

tumour growth observed in the Let-7a treated group when compared to the 

control group [123]. Surface modification has also been employed with EVs 

expressing Lamp2b to carry Doxorubicin or Imatinib with reduced tumour 

size reported in both studies [124][125].  

TNF-related apoptosis-inducing ligand (TRAIL) is one of a family of “death 

receptors”, capable of inducing apoptosis in cancer cells but not normal cells. 

A group transduced k562 leukaemia cells with human TRAIL to create 

TRIAL+ secreted EVs. In Vitro TRAIL+ EVs were found to induce apoptosis 

in melanoma and lymphoma cell lines [137]. In Vivo the EVs homed to the 

site of the tumour with accumulation in the lungs, liver and spleen. In tumour 

bearing mice it was found that the engineered EVs induced necrosis and 

vessel damage in the myeloma and melanoma tumour groups, but no 

significant reduction in tumour volume was observed. However the 

lymphoma group had a significant reduction of tumour growth when 

compared to the control groups [137]. It was suggested by the authors that the 

reasoning for the results observed were that only a fraction of the 

administered EVs homed to the site of the tumour, with large amounts 

becoming trapped in major organs. The study showed success in sensitive 

cancers; however, the method of administration needs to be optimized to 

allow the EVs to reach the tumour.  

Yuan et al [138] also generated TRAIL+ EV, in this case derived from 

engineered MSCs. TRAIL+ EVs were demonstrated to effectively induce 

apoptosis in a range of cancer cell lines including lung, pleural mesothelioma, 

renal, breast and neuroblastoma. The effects seen could be blocked through 
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caspase activity inhibition or TRAIL neutralisation. While no toxicity was 

observed in control healthy cells, TRAIL+ EVs were capable of inducing 

apoptosis even in TRAIL-resistant cancer cells, an effect that was further 

enhanced using a CDK9 inhibitor. This promising data warrants further 

investigation In Vivo [138]. 

 

1.4.4.2 Genetic engineering of EV content 

EV’s naturally carry genetic material and much research is now focused on 

taking advantage of this, with many cancer-based studies investigating EV 

therapy using microRNAs (miRNAs) (Table 1.5) (Fig 1.5). EVs act like a 

shield keeping the miRNAs intact and fully functional when transferred to 

recipient cells [23]. Therefore, there has been a rapid expansion in the number 

of studies investigating the potential of EV-mediated delivery of miRNAs or 

anti-miRNAs as a therapy. EV miRNAs have been investigated in relation to 

breast cancer In Vitro. O’ Brien et al, [126] found that miR-134 was down-

regulated in breast tumours and played a role in controlling HSP90, therefore 

the potential to use the miRNA as a tumour suppressor In Vitro was 

determined. An invasive breast cancer cell line was modified to overexpress 

miR-134 and secreted EVs isolated. EVs enriched with miR-134 reduced 

HSP90, cellular invasion and migration in recipient breast cancer cells, and 

enhanced sensitivity to anti-hsp-90 drugs. Bovy et al [127] employed miR-

503 enriched EVs isolated from endothelial cells, and demonstrated impaired 

tumour cell proliferation and invasion In Vitro. Both studies highlighted 

promising potential of EV-encapsulated tumour suppressing miRNAs for the 

treatment of cancer.  

Munoz et al, [134] focused on knockdown of an oncomiR, miR-9, which has 

been found to effect sensitivity to chemotherapy. The miRNA has been found 

to be increased in glioblastoma multiforme (GBM) cells that are resistant to 

temozolomide (TMZ). Therefore, it was suggested that by decreasing the 

expression of miR-9 the cells would become more sensitive to TMZ. MSCs 

were transduced with anti-miR-9 and then cultured indirectly with GBM cells 

separated by a transwell membrane (0.4µm). MSCs transferred the anti-miR-

9 to GBM cells through EVs, with no transfer observed when the release of 

EVs was blocked using 2.5μMol/l manumycin A. Further analysis showed 
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that anti-miR-9 effectively sensitized the GBM cells to TMZ with an increase 

in caspase activity and cell death [134]. 

Several In Vivo studies have also been performed with promising results 

(Table 1.5). THP-1 macrophages were transfected with miR-143 and secreted 

EVs subsequently isolated. The EVs were intravenously injected into mice 

bearing colon cancer daily for two days at 1-5 x 105 EV’s per injection. It was 

found that miR-143 expression was significantly increased in the tumour, 

kidneys and serum of animals. Effective suppression of tumour growth was 

also observed [128].  

MiR-146b has been found to silence EGFR and to reduce invasion and 

motility of glioma cells, however expression of this miRNA is lost in most 

glioma tumours. Katakowski et al [130] investigated miR-146b as a potential 

tumour suppressor in glioma. MSCs were transfected with miR-146b using 

electroporation, and secreted EVs administered via intra-tumoural injection 

into a rat model of glioma (50µg total protein), five days after tumour 

implantation. Rats that received the miR-146b EVs displayed a significant 

reduction in tumour volume after only one injection when compared to the 

control groups.  

The impact of EV-encapsulated miRNAs on tumour chemo sensitivity has 

also been investigated. Hepatocellular carcinoma (HCC) has been found to 

display a resistance to chemotherapies such as 5-fluorouracil (5-FU) and 

doxorubicin. Loss of miR-122 in patients with HCC has been linked with 

disease metastasis and poor prognosis [129]. Over expression of miRNA-122 

in a mouse model was found to inhibit tumourigenic properties and sensitize 

the cells to chemotherapies such as sorafenib and doxorubicin. It was then 

investigated whether Adipose derived MSCs (AMSCs) could be modified to 

express miR-122 and secrete EVs enriched with the miR to restore HCC 

chemosensitivity. EVs containing miR-122 were administered intra-

tumourally to balb/c nude mice with HepG2 tumours, combined with 

sorafenib treatment. One intra-tumoural injection of EVs significantly 

reduced the tumour weight and volume when compared to the control group, 

showing miR-122 AMSC EVs could increase HCC cell sensitivity to 

chemotherapy [129].  
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1.4.5 Genetically modified extracellular vesicles for immune 

modulation  

As previously described, it has been extensively investigated as to whether 

native EVs could be used as a potential cancer vaccine, however these studies 

did not genetically modify the EVs. Dai et al, [135] incorporated IL-18 into 

EVs using a recombinant adenovirus. These EVs were found to be capable of 

promoting PBMC proliferation as well as the secretion of Th1 cytokines, 

chemoattracting T and DC Cells In Vitro when investigated in relation to 

colon cancer. Another group investigated the effect of IL-2 and its antitumour 

effects [136]. EL-4 cells that were previously engineered to over-express 

Ovalbumin were transfected again to overexpress IL-2. The engineered EVs 

were then isolated from these cells and injected into tumour bearing mice. 

The engineered EVs could induce an antigen-specific Th1 polarized immune 

response and CTL more efficiently, which resulted in significant tumour 

growth inhibition [136].  

Cho et al, [131] used mouse cell lines (CT26 & TA3HA) where EVs were 

modified to express human MUC1 (hMUC1) to see if they could stimulate an 

immunologic response in vivo. The EVs were isolated and confirmed to be 

expressing elevated hMUC1 before being intradermally injected into 

BALB/c, H-2d mice. In this case the mice were injected with tumour cells 

three weeks following EV administration, and tumour size was monitored. 

The engineered EV’s were shown to stimulate immune cell activation as well 

as suppressing growth of hMUC1 expressing tumours.  

Another study employed EVs from A549 lung cancer cells transfected with 

the Ras-related protein RAB27a [132]. BALB/c nude mice received 

subcutaneous injections of RAB EVs two weeks before being injected with 

A549 cells. The results showed that pre-immunization with EVs significantly 

inhibited tumour growth In Vivo. The study also examined the effect of the 

EVs on pre-established tumours, with inhibitory effects seen on tumour 

growth [132]. In a separate study investigating mouse melanoma, mice were 

treated with α-galactosylceramide/ovalbumin loaded EVs [133]. The EVs 

were found to increase T cell tumour infiltration, decrease tumour growth and 

increase median survival when compared to the control groups. These studies 

combined highlight an important role for engineered EVs in immune 



Chapter 1: Introduction 

 

30 

 

modulation in the cancer setting, which can potentially be harnessed for 

disease therapy.  

 

1.4.6 EV administration and the immune response  

While there have been major advances in the field, the potential for activation 

of a toxic host immune response remains one of the major barriers to cell and 

gene therapy for cancer [88] [89]. Due to the relative early stage and rapid 

developments in the field, a major focus of EV research has been on 

refinement of isolation and characterization, nomenclature and classification 

of different EV subset [91] [90] [92]. Immune response to EVs has been 

investigated extensively in relation to diseases of the immune system [139], 

however when administered in models of cancer most studies employ 

immunocompromised animals and do not investigate whether EVs initiate an 

immune response. It is most likely that EV immunogenicity depends on the 

model being used and the EV source and composition [140] [141] [142]. 

Given that EVs are thought to be a fingerprint of the cell source, if the cell 

induces an immune reaction when administered systemically, EVs may 

induce similar effects [143]. Thus, the EV cell source is a major consideration 

in studies, with researchers aiming to take advantage of the parental cell 

properties. 

The effect of human EV administration in immunocompetent healthy animals 

was investigated by Zhu et al. 2017 [140]. EVs derived from wild type (WT) 

or engineered (miR-199a-3p) HEK293T cells were administered either 

intravenously (IV) or intraperitoneally (IP) three times weekly for 22 days 

and animals were sacrificed on day 23. Spleen cell immune phenotyping was 

performed targeting CD11b, CD11c, CD19, CD3+, CD4+, CD8+ with no 

significant changes observed. A few cytokines were altered, although not 

significantly and this was seen only in the engineered EV group, suggesting 

that content—miR-199a-3p—may have been detected by the immune system 

[140]. Overall this study shows the safe administration of human EVs and 

engineered EVs in immunocompetent healthy animals. In another study, 

crosstalk between immune cells, cancer cells and secreted EVs was 

investigated in oral tongue squamous cell cancer (OTSCC) cell lines HSC-3 

and SCC-25 [144]. Initially, the effect of EVs isolated from the OTSCC cell 
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lines on the cytotoxicity of CD8+ T and Natural Killer (NK) cells from 

healthy patients was investigated. It was found that the EVs increased 

cytotoxic activity of the cells, however the results varied depending on patient 

donor, EV parent cell and cancer cell type. In a zebrafish non tumour bearing 

model, EVs derived from these cell lines were administered, with decreased 

levels of anti-inflammatory Interleukin (IL)-13 reported. This was interesting 

as it was previously reported that IL-13 was increased in the saliva of OTSCC 

patients, suggesting that EVs derived from these cells do not cause this 

increase in IL-13 [144]. MSCs have been extensively investigated for their 

immunosuppressive properties and have been used in 67 clinical trials of 

inflammation associated diseases, transplant rejection and autoimmune 

diseases [145]. Originally it was thought that MSC therapy was dependent 

upon cell to cell contact, however it was discovered that suppression of T-cell 

proliferation could be accomplished by MSC-secreted factors alone [146]. 

Therefore, MSC-EVs are now being investigated to see if they hold the same 

properties as their parent cell [147]. MSC-EV immunomodulatory properties 

have been investigated, showing that EVs suppressed the secretion of pro-

inflammatory Tumour Necrosis Factor alpha (TNF-α) and IL-1β in peripheral 

blood mononuclear cells (PBMC) but increased Transforming growth factor 

(TGF)-β concentrations In Vitro [147]. Levels of regulatory T-cells and CTL-

associated protein 4 were also increased. Interestingly, it was previously 

shown that indoleamine 2, 3-dioxygenase (IDO) mediated the 

immunoregulation by MSCs and an increase in IDO was seen in cells co-

cultured with MSCs. However, no increase was seen when cells were co-

cultured with the MSC-EVs. The study concluded that EVs and MSCs may 

differ in their immune-modulating mechanisms and activities [147]. 

 

1.4.7 Employing EVs to promote an anti-tumour immune response  

Dendritic cell (DC)-derived EVs and their ability to trigger the immune 

response as a form of cancer therapy has been widely investigated. Three 

separate clinical trials have employed EVs as anti-cancer vaccines for the 

treatment of colorectal, melanoma or lung cancer. These studies showed that 

EVs were safe, non-toxic and tolerable, along with induced anti-tumour 

responses including induction of CTL response and increased T cell 
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activation [106]. Recently, Lu et al. [148] reported DC potential to treat HCC. 

EVs secreted by murine DCs expressing α-fetoprotein (DEVAFP), elicited a 

strong immune response when injected intravenously, which resulted in 

decreased tumour growth and increased survival rates for mice. There were 

significantly more CD8+ T lymphocytes, increased IL-2 and Interferon-γ 

(IFN-γ), with decreased TGF-β and IL-10. In nude and T-cell depleted animal 

models, there was lack of efficacy, suggesting that the T-cells contributed to 

the DEVAFP mediated anti-tumour effect [148] (Figure 1.6). This study 

shows the potential positive effects of EVs triggering an immune response to 

treat HCC. 

Figure 1.6. Exploiting EV characteristics to enhance or evade immune response. 

(A) Engineered EVs stimulate immune cell infiltration into tumours and disease 

regression (B) CD47+ve EVs evade host immunity resulting in increased 

persistence and improved therapeutic response. (DEV-AFP: Dendritic EV α-

fetaprotein; HSP: Heat Shock Protein; IL: Interleukin; IFN: Interferon, Image 

created using Biorender). 

 

Studies have investigated the potential of using tumour-derived EVs (TEVs) 

to induce an anti-tumour immune response [149] [150]. Myeloma cells were 

engineered to overexpress heat shock protein (HSP) 70 and the secreted EVs 

isolated (EV-HSP). Balb/c mice were immunized with the EVs to assess the 

P1A (tumour antigen)-specific T-cell response. EV-HSP simulated a type 1 

CD4+ helper T-cell response. A P1A-specific CD8+ cytotoxic T lymphocyte 

response was also stimulated resulting in anti-tumour immunity [151]. 
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Administration of TEVs as a vaccine has also been considered in a lung 

cancer model. EVs were isolated from a NSCLC cell line (A549) 

overexpressing Rab27a. Mice were pre-immunized with EV-Rab27a for 2 

weeks before being challenged with A549 cells, followed by EV-Rab27a for 

a further 2 weeks after administration of the cells. Tumour growth was 

significantly inhibited in the group that received EV-Rab27a compared to the 

controls. When the EVs were administered into a pre-established tumour 

model, tumour growth was also found to be inhibited [132]. 

The immune balance is regulated by immune checkpoint inhibitor molecules, 

and neutralization of these immunosuppressive checkpoints can lead to the 

elimination of cancer. Programmed Death-Ligand 1 (PD-L1) is a membrane 

bound ligand found on the surface of many cell types and is up-regulated in 

tumour cells [152]. This cell surface expression is thought of as a means of 

immune evasion. PD-L1 binds to PD-1 on T-cells through its extracellular 

domain, suppressing activation of T-cells [153] [154]. Inhibition of PD-L1 

will allow more efficient T-cell response to cancer and based on this several 

therapies have now been approved [152]. Cancer cells have been found to 

secrete EVs with PD-L1 expressed on their surface. EV-PD-L1 has also been 

found to suppress T-cell function both In Vitro and In Vivo [152] [154]. To 

knockdown EV-PD-L1 production, Poggio et al. [154] knocked out RAB27a, 

which resulted in the reduction of EV secretion and therefore a loss of EV-

PD-L1. Murine prostate cancer cells TRAMP-C2WT, RAB27a knockdown 

(RAB27anull) or PD-L1 knockdown (PD-L1null) were injected into the flank 

of mice and monitored for 4 months. Mice that received either of the null cell 

populations showed no tumour growth and extended life span when compared 

to those administered with WT cells. When the immune response was 

investigated, CD8+ cells made up a greater fraction of the T-cells in the 

draining lymph node following injection of the two EV null cells compared 

to the WT, indicating an immune response initiated by the EVs. Mice 

receiving null cells had decreasing CD8+ and CD4+ cells that were PD-1 high. 

Interestingly, mice who had previously received the null cells were re-

challenged 90 days later with WT cells and showed no tumour growth 

compared to the control group which had not been previously challenged. 

This demonstrated a robust memory response even against the WT cells that 
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expressed EV-PD-L1. The study shows the ability of EVs to migrate to the 

draining lymph nodes and inhibit T-cell activation, and the potential for EV-

PD-L1 knockdown therapeutics [154]. 

Another study investigated EV-PD-L1 knockdown in melanoma [153]. 

Interferon (IFN)-α stimulation of A375 melanoma cells increased the amount 

of PD-L1 on the surface of secreted EVs. These EVs when injected IV then 

suppressed CD8+ T-cell function to facilitate tumour growth in a murine 

model of melanoma. The study showed that EV-PD-L1 bound to T-cells; 

moreover, EVs derived from IFN-α treated cells exhibited higher binding to 

CD8+ T-cells. In Vivo B16-F10 cells with knocked down PD-L1 expression 

were subcutaneously injected into immune competent mice. EVs derived 

from B16-F10 WT cells were administered IV, which promoted tumour 

growth in the PD-L1 knockdown group. Pre-treatment with EVs incubated 

with anti-PD-L1 antibodies inhibited the effect. The EVs derived from B16-

F10 WT were shown to decrease the proportion of proliferating PD-1-CD8+ 

T-cells in the spleen and lymph nodes, suggesting that EV-PD-L1 suppresses 

systemic anti-tumour immunity. Levels of PD-L1 on circulating vesicles in 

melanoma patients during anti-PD-L1 therapy were also examined, revealing 

that the pre-treatment level of circulating EV-PD-L1 was significantly higher 

in patients who did not respond to anti-PD-L1 treatment [153]. 

Yang et al. [155] investigated whether EVs could transfer PD-L1 to other 

cells. EVs were isolated from MDA-MB-231 and 4T1 breast cancer cells 

over-expressing PD-L1. EV-PD-L1 could be transferred to the negative 

MCF-7 and BT549-PD-L1ko breast cancer cells, and to other cell types 

including human myeloid antigen presenting cells and macrophages. They 

also showed the EV-PD-L1 bound to PD-1 on T-cells to inhibit T-cell 

activation and function. When EV secretion was blocked by Rab27a 

knockdown, there was inhibited tumour growth, showing similar results to 

the previous study [27]. This transfer of PD-L1 to other cells within the 

tumour microenvironment could contribute to tumour immune evasion [155]. 

Together these studies show the importance of EV-PD-L1 in the cancer 

setting. 

CD47 has been shown to bind to signal regulatory protein alpha (SIRPα) and 

together they initiate a “don’t eat me” signal. This signal has been 
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investigated for its ability to inhibit phagocytosis of tumour cells [156]. EVs 

derived from HEK293T cells were engineered with SIRPα on their surface 

(EV-SIRPα), in order to target and block CD47 in a colorectal cancer model. 

In an immunocompromised model bearing HT29 tumours, intratumoural 

administration of EV-SIRPα resulted in no significant decrease in tumour 

burden when compared to the control group. When EV-SIRPα were 

administered IV into an immunocompetent CT26.CL25 mouse model there 

was a dramatic reduction in tumour growth [156]. This suggests that the 

immune system played a role in the therapeutic response. When analyzed 

further, it was discovered that there was extensive CD8+ T-cell infiltration 

when compared to the control animals. These data suggest that the engineered 

EVs could prevent CD47-mediated tumour evasion of an immune response 

and aid in therapeutic efficacy [156].  

 

1.4.8 Employing EVs to increase persistence and targeting of 

therapeutics 

While in a previously mentioned study, EV-SIRPα were employed to block 

the activity of tumour cell CD47 and promote an anti-tumour immune 

response, CD47 expression on EVs is also thought to be the mechanism by 

which EVs go undetected by the immune system. This is important regarding 

the therapeutic setting where EV rapid clearance would reduce efficacy. 

Balb/c mice received gLuc-LA- (Gaussia luciferase–lactadherin) labelled 

B16BL6 (murine melanoma) EVs at varying doses. Macrophage depleted 

mice were prepared by administrating clodronate liposomes, followed by 

labelled EVs administered IV. The rate of gLuc activity declined much slower 

in the macrophage-depleted mice, with a serum EV concentration 285-fold 

higher than those of the untreated mice after 4 h. Indicating that macrophages 

play a key role in EV clearance. Ideally going forward, EVs from other cell 

sources would be investigated to see if macrophages process all EV types in 

this manner [157]. 

EV-CD47 has also been investigated in a model of pancreatic cancer, where 

mutated forms of KRAS are commonly seen [158]. EVs and liposomes 

derived from both human and murine normal fibroblast-like mesenchymal 

cell lines were loaded with Alexa Fluor 647 (AF647) tagged siRNA, targeting 
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oncogenic KRAS. When IP injections were performed, the iEVs (AF647-

siRNA loaded EVs) but not iLiposomes (AF647-siRNA loaded liposomes) 

were detected in the circulation of both nude and immunocompetent animals 

24 h later. Interestingly, iLiposomes enhanced the mobilization of CD11b+ 

monocytes in the circulation, however this effect was not seen with the iEVs. 

The levels of CD47 on EVs had an inverse correlation with circulating 

AF647+ monocytes, further supporting that CD47 prevents EV clearance 

(Figure 1.6). In CD47 knockout mice, there were significantly less EVs in the 

circulation after administration. Animals treated with IP iEVs had 

significantly reduced tumours compared to the control groups, with the 

disease being barely detectable and animals surviving 200 days after 

treatment. When CD47 was blocked using an antibody on the EVs, it was 

found that there was no reduction of tumour burden when compared to the 

iEVs. Together, these data support that CD47 presence on EVs contributes to 

evasion from host immune clearance [158]. This study shows promise for EV 

use in the therapeutic setting. 

Oncolytic virus therapy involves viruses that have been specifically 

engineered to infect, replicate and kill preferentially in cancer cells, while in 

normal cells the activity is restricted. Due to safety concerns, experimental 

oncolytic viruses are generally delivered in preclinical models via local 

administration. The disadvantage of virus administration is the potential for 

immune detection and inactivation thus preventing viral replication and 

spread in cancer cells. Garofalo et al. [159] first investigated the effects of EV 

encapsulated oncolytic virus to prevent immune detection and allow for IV 

administration to treat lung cancer. EVs secreted by A549 cancer cells 

infected with the oncolytic virus (EV-Virus) were isolated and loaded with 

paclitaxel (EV-Virus-PTX). Immune compromised mice with subcutaneous 

A549 lung cancer were treated with EV-Virus-PTX, EV-Virus, or EVs alone. 

It was reported that EV-virus-PTX had enhanced therapeutic effect when 

administered IV with significant tumour reduction compared to IT. 

This work on oncolytic viruses subsequently advanced to an immune 

competent model using murine EVs and tumours, again encapsulating the 

virus in EVs to protect it from immune recognition [160]. Murine EV-Virus 

(1 × 108) labelled with a fluorescent dye (DiIC18) were administered either 
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IP or IV. Subsequent imaging revealed a tumour-localized signal only in cases 

where the EVs were administered IV, but not IP. The study also investigated 

the tumour-associated immune response to the EVs. EV-Virus or inactivated 

free virus were administered IV or IP. IV administration of the EV-Virus 

resulted in infiltration of CD3+, CD4+ and CD8+ T-cells in the tumour similar 

to the virus alone group. The EVs did not influence the immune modulatory 

effects of the virus [160]. These studies together show the potential of EV 

encapsulated viruses as a targeted delivery system for oncolytic viruses. 

Expression of Nucleolin is elevated on breast cancer cells and a DNA aptamer 

AS1411 (an oligonucleotide that binds to nucleolin) targets and binds to the 

phosphoprotein. AS1411 has shown inhibition of tumour activity and low 

systemic toxicity in a Phase II clinical trial [161]. EVs were isolated from 

murine dendritic cells, mixed with AS1411 overnight to coat the EVs, and 

then EV-AS1411 were engineered by electroporation to carry miR-let-7 

[162]. Immunocompromised mice received IV EVs-AS1411-let-7 or 

conjugated AS1411-let-7. Mice that received EV-AS1411-let-7 demonstrated 

better therapeutic response. The group receiving EVs had significantly 

inhibited tumour growth when compared to the AS1411-let-7 or PBS groups, 

with enhanced tumour targeted delivery. Immune response to the engineered 

EVs was investigated. Serum associated cytokines IFN-α and TNF-α were 

measured in mice treated with EV-AS1411-let-7, with no statistically 

significant difference found when compared to a PBS treated group [162]. 

Although not yet administered in cancer patients, MSC-EVs have been 

administered in a clinical trial for GvHD, after the failure of standard 

treatments [163]. A patient received seven escalating doses of EVs over two 

weeks, PBMCs were isolated and cytokine response monitored. TNF-α, IL-

1β and IFN-α producing PBMCs were reduced by >50% following the final 

MSC-EV administration. During therapy, there was a reduction in pro-

inflammatory cytokines IL-8, IL-6 and IL-17A. Clinical symptoms for the 

patient also improved including reduced vomiting and nausea which was 

stable 16 weeks post therapy [163] [164]. MSC-EVs were also administered 

in a clinical trial setting for acute and chronic kidney disease [165]. Twenty 

patients received two doses of MSC-EVs, and another twenty patients 

received a placebo. Patients that received MSC-EVs had a significant 
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improvement in kidney function, and increased plasma levels of IL-10 and 

TGF-β1 with decreased levels of TNF-α. Both studies demonstrate safe 

administration of MSC-EVs along with improvements in the target clinical 

parameters [163] [165]. This has yet to be achieved in the cancer setting. 

 

1.4.9 EV-encapsulated miR-379  

Our group previously administered miR-379 encapsulated in MSC-EVs to an 

immune compromised model of HCC-1954-luc breast cancer. HCC-1954 

cells were injected into the 4th inguinal mammary fat pad, tumours were 

allowed to form. Once tumour burden had reached an adequate size, four 

repeat doses of 2.6 x 107 MSC-EVs containing miR-379 or a NTC were 

administered. Tumour burden was monitored by IVIS imaging for 6 weeks 

following treatment. When compared to the control groups (EV-NTC) the 

results showed a moderate yet significant decrease in tumour burden in the 

group that received EV-379 (Fig 1.7) [58].  

Fig 1.7 Change in luminescent signal of mice following intravenous injection of 

EV-miR379 and control EVs. 

  

Moving forward this study will investigate MSC-EV administration effect on 

the host immune response in a model of breast cancer. The studies outlined 

here highlight the variety of approaches and therapeutic agents that can be 

employed for modification of EV but further understanding of the 

fundamental biology of these vesicles is required to support optimal utility.  
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1.5 Thesis Aims   

The overall aims of this study were to characterise and determine the potential 

of serum EVs as breast cancer biomarkers. To assess the host immune 

response to the administration of both human and murine derived EVs.  

 

a. To characterise EVs derived from the serum of breast cancer tumour 

bearing animals.  

b. To engineer MSCs to secrete tumour suppressor miRNAs 

encapsulated in Extracellular Vesicles.  

c. To investigate the host immune response to EVs isolated from both 

human and murine MSCs and delivered to an immune competent 

animal. 
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2.1 Cell culture 

2.1.1 Overview  

Cell culture refers to the technique of growing or culturing of cells in a 

controlled laboratory environment. Cell are grown under strict aseptic 

techniques in a laminar flow (LAF) hood to reduce bacterial/cross cell line 

contamination. Prior to the hood being opened a UV light was placed on for 

15 minutes. It was subsequently sprayed down with 1% Chemgene and 

personal protective equipment (PPE) including gloves and a lab coat were 

worn to further support a sterile environment. All items entering the LAF 

hood were sprayed down with 70% Industrial Methylated Spirits (IMS) to 

reduce any potential contamination. LAF hoods were cleaned with 1% 

Chemgene and air allowed to circulate for 15 minutes between different cell 

lines. All cell lines were grown and maintained in a Stericycler CO2 incubator 

– HEPA class 100 at 37°C and 5% CO2. Within the Discipline of Surgery 

there are separate rooms, LAF hoods and incubators for culturing 

immortalized cell lines, primary culture and virus cultures. This further 

reduces any possible cross contamination and reduces the risk of exposure to 

infectious agents to members of the Discipline. A weekly cleaning regime of 

the hoods, incubators and water bath was followed to allow for an optimal 

sterile working environment within each of the culture rooms.  

 

2.1.2 Cell populations and media requirements 

Several cell lines representing the different subtypes of breast cancer, and 

primary adult stem cells were used over the course of this study. The different 

cell lines were grown and maintained in medium that required 

supplementation for each cell line as shown in Table 2.1.  
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Table 2.1. Cell characteristics and medium   

Cell line  Epithelial 

subtype  

Expression  Medium required 

T47D Luminal A ER+, PR+, 

Her2 

Low 

RPMI 1640 

w/L-glutamine + 10% 

FBS 

+ Pen/Strep 

HCC-1954 HER2 

Amplified 

ER-, PR-, 

HER2+ 

RPMI 1640 

w/L-glutamine + 10% 

FBS 

+ Pen/Strep 

4T1 

(murine) 

Breast 

cancer 

Triple Negative  ER-, PR-, 

Her2 

Low 

RPMI 1640 

w/L-glutamine + 10% 

FBS 

+ Pen/Strep 

Human bone 

marrow 

derived 

MSC 

N/A N/A MEM- Alpha 

+ 10% HyClone FBS + 

Pen/Strep + 

Human FGF Basic 

(4ng/mL) 

Murine bone 

marrow 

derived 

MSC 

N/A N/A MEM-Alpha + 10% 

HyClone FBS + 

Pen/Strep  

Abbreviations- FBS: Fetal Bovine Serum; Pen/Strep: 100UI/mL Penicillin/100µg/mL 

Streptomycin; ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal 

growth factor receptor 2 

 

2.1.3 Mesenchymal Stem Cells (MSCs)  

Following ethical approval and informed patient consent human 

Mesenchymal Stem Cells (MSCs) were derived from the bone marrow of the 

iliac crest of healthy individuals. Collaborators in the Regenerative Medicine 

Institute (REMEDI) in NUI Galway supplied the MSCs following isolation 

and characterisation [166]. Murine MSCs were derived from the bone marrow 

of Balb/c mice and supplied by collaborator Dr Aideen Ryan. Three separate 

criteria are used to characterise MSCs [72] [167]. 1) Under normal culture 

conditions the cells must adhere to plastic. 2) MSCs must also be positive for 

the following markers CD90, CD29, CD73, CD44, CD49, CD9 and CD105 
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and be negative for CD45, CD11b, CD34, CD14, CD11c CD79, and CD19 

[72]. 3) The cells, under appropriate In Vitro conditions, must have the ability 

to differentiate into adipocytes, chondrocytes, and osteoblasts [70]. MSCs 

were cultured in the medium as described in Table 2.1, employing serotyped 

FBS to maintain an undifferentiated status along with Fibroblast Growth 

Factor (FGF) for the human MSCs to promote proliferation [167].  

 

2.1.4 Media change   

Cell medium (Gibco, Thermofisher) was replenished three times a week to 

ensure adequate growth conditions, availability of nutrients, and to remove 

waste. Prior to feeding, media and supplements were warmed to 37°C in a 

water bath in order to avoid a temperature shock to the cells. Cells were 

viewed under a light microscope before the media change to ensure the 

correct cell morphology, density and absence of contamination (e.g. turbidity, 

particulate matter, or change in pH). In the sterile LAF hood the media was 

decanted from the flask into a waste container. Fresh media was then added 

to the flask on the opposite side to the cell monolayer in order to avoid any 

cell disruption. Media amounts added depended on the size of flask (Sarstedt, 

Thermofisher) being used: 20ml of media for a T175cm2 flask, 10ml of media 

for a T75cm2 and 6ml of media for a T25cm2. The flask was then returned to 

the incubator at 37°C and 5% CO2. The flasks contain a filter lid to allow for 

gas exchange.  

  

2.1.5 Subculturing  

When cells reached 80-90% confluency they required sub-culturing in order 

to maintain the log phase of growth and to avoid senescence. Media and 

Trypsin/Ethylenediaminetetraacetic acid (EDTA) 0.25% (T/E; Biosciences) 

were placed in a water bath to bring it to 37°C. The media was decanted, and 

the cells were washed briefly in PBS (Gibco, Calcium and Magnesium free) 

at room temperature to remove any traces of FBS, which prevents the T/E 

from working. T/E was added to the cells for 1 minute before pouring off the 

excess trypsin leaving behind roughly 1mL of T/E. The flask was placed into 

the incubator at 37°C for 3-5 mins to allow for the dissociation of the cells. 

The cells were visualised to see if they had lifted from the surface of the flask. 
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A gentle tap the side of the flask helped to fully dissociate the cells. Fresh 

media containing FBS was then added to the flask to stop the action of the 

T/E and to resuspend the cells, to allow for cell counting and reseeding.  

 

2.1.6 Cell counting 

A Nucleocounter® (NC 100) was used to carry out cell counts. The procedure 

employs Propidium Iodide (PI) to distinguish between viable and non-viable 

cells. The PI binds to the DNA of lysed cells (intact cells PI is excluded) and 

using a fluorescent microscope detects the number of non-viable cells present 

(Fig 2.1).  

 

Fig 2.1 Cell count procedure. (image https://chemometec.com/cell-counters/cell-

counter-nc-100-nucleocounter/) 

 

Firstly, a non-viable cell count was determined by loading a cell suspension 

into a cassette. Secondly, the total cell count was determined by adding an 

equal volume of Reagent A (lysis buffer) and Reagent B (stabilizing buffer) 

to the cell suspension, and vortexing between each reagent. The resuspended 

sample was loaded into a new cassette and read (Fig 2.2). The result was 

multiplied by 3 to account for the reagent dilutions. The dead cell count was 

subtracted, and the result was the viable cell count/mL.   

 

 

https://chemometec.com/cell-counters/cell-counter-nc-100-nucleocounter/
https://chemometec.com/cell-counters/cell-counter-nc-100-nucleocounter/
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Fig 2.2 Nucleocounter cell suspension. When cells are mixed with reagent A and B 

a total cell count is given. When the cells have no pre-treatment a dead cell count is 

given.   

 

 

2.1.7 Cryopreservation  

Cells were frozen and cryopreserved at the end of an experiment and to 

generate stocks of specific cell lines. Cells were frozen in complete medium 

and 5% filtered Dimethylated Sulphoxide (DMSO, Invitrogen), which 

prevents crystallization during freezing which could lead to cell death. 

Briefly, cells were trypsinized as described previously and resuspended in 

complete media. A cell count was performed and DMSO was added to the 

cryovials. DMSO freezes at 4°C therefore the vials were not placed on ice. 

The cells in suspension were added at 1 x 106 – 1.2 x 106 cells per vial. Once 

the cells were added to the DMSO the vial was placed directly on ice as 

DMSO is toxic to cells at 37°C. The cells were then placed into “Mr Frosty” 

which is a container with an isopropronal bath that controls the decreasing 

temperature. The “Mr Frosty” was then placed in the -80°C freezer for at least 

3 hours. The vials were then removed and placed in long term storage in liquid 

nitrogen.   

 

2.1.8 Cell line recovery 

To recover cells from liquid nitrogen storage, a flask of appropriate size was 

prepared. Inside the LAF hood pre warmed media was placed into the flask, 

the flask was labelled and placed into the incubator. The cells were taken from 
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liquid nitrogen and defrosted quickly in a 37°C water bath in order to prevent 

any toxicity from the DMSO. When thawed, the vial was sprayed with 70% 

IMS and transferred to the LAF hood. The cells were transferred directly to 

the flask ensuring to disperse the cells by gently pipetting. The following day 

a media change was performed to remove any remaining DMSO.   

 

2.2 Generation of stably transduced cell lines  

2.2.1 Transduction of human and murine MSCs 

A European Protection Agency (EPA) licence was in place before virus work 

took place within the laboratory. In order to generate human and murine 

MSCs stably expressing miR-379 a lentiviral vector SMART choice 

shMIMIC (Thermo Scientific) was used to transduce the cells (Fig 2.3).  

 

 

 

Fig 2.3 miR-379 lentiviral vector SMART choice shMIMIC 

 

This lentiviral vector allowed for the stable enriched expression of miR-379 

and NTC which uses a scramble control sequence. The cells could be viewed 

by fluorescent microscopy due to the construct containing a red fluorescent 

protein (RFP). The construct was composed of a 5’ long terminal repeat 

(5’LTR) for host genome integration, a Rev Response Element (RRE) exports 

mRNAs from the nucleus into the cytoplasm. The human cytomegalovirus 

(hCMV) is a robust promoter to drive gene transcription, and the internal 

ribosome entry site (IRES) initiated translation. A woodchuck hepatitis virus 

post-transcriptional regulatory element (WPRE) enhances expression, and 

finally for safety reasons the vector contained a self-inactivating long terminal 

repeat (3’ SIN LTR). The viral vector contained a puromycin resistance gene 

(PuroR), allowed for selection of transduced cells from wild type cells. The 

dosage of puromycin required for MSC selection was previously optimised 

miR-379 
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in the lab as 4µg/ml. Transduction was confirmed by RFP expression in live 

cells, visualized 48h following transduction using an EVOS FL Cell Imaging 

System. Cells were maintained in puromycin media for two weeks to ensure 

full selection of transduced cells. The cells were trypsinised as normal and 

centrifuged at 400 x g for 4 mins. The cells were then resuspended in basal 

media (as FBS hinders lentiviral transduction) and counted. 1 x 105 cells were 

transferred to a 50ml falcon x 3. The miR-379 or the non-targeting control 

(NTC) lentivirus were added to separate 50ml falcons at a multiplicity of 

infection (MOI) of 2. A third 50ml falcon received PBS as a control. All tips 

that came in contact with the virus were discarded/rinse in bleach. Polybrene 

is regularly used to aid in increased transduction efficiency however it has 

previously been shown that polybrene inhibits MSC proliferation [168]. 

Therefore, the transduction was performed in the absence of polybrene. The 

cells were centrifuged at 1000 x g for 90 minutes at 37°C.  The viral media 

was removed and discarded in bleach. The cells were resuspended in 

complete medium and transferred to a T25 flask and placed in the incubator. 

All gloves, tips and tubes that were used during the transduction were placed 

in a doubled autoclaved bag, sealed, autoclaved and discarded appropriately. 

Polymerase chain reaction (described in Section 2.5.4) was performed 

targeting miR-379 in the cells and secreted EVs to confirm successful 

lentiviral transduction.  

 

2.3 Extracellular Vesicles 

2.3.1 EV Isolation from murine serum  

Serum samples (500µl) were defrosted on ice before being placed into 15ml 

falcons and diluted in 12 ml of sterile PBS. The samples were then centrifuged 

at 800 x g for 10 mins. The supernatant was then transferred to fresh 15ml 

falcon leaving behind a 0.5ml fraction which contained the large debris 

components. The supernatant was further centrifuged at 2,000 x g for 30 mins 

to remove any excess debris. The supernatant was then passed through a 

0.22µm filter into a Hitachi Koki Centrifuge ware 25pc thick walled 

ultracentrifugation tube. The tube was then marked where the pellet would 

form. The tubes were placed into the Hitachi himac micro ultracentrifuge (CS 
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150fNX) and spun at 110,000 x g for 2 hours (S50A-2152 rotor). After the 

ultracentrifugation step, a 1.5ml aliquot of the EV free supernatant was 

collected and the rest was discarded. The EVs were then washed in sterile 

PBS. This suspension was then transferred to a fresh tube, PBS was placed 

onto the suspension to equate to 12ml. The new suspensions were then spun 

at 110,000 x g for 70mins. 1.5ml of the supernatant was kept and the rest 

discarded. The EVs were then scraped down in 85µl of sterile PBS. The 

resuspended EVs were then aliquoted; 50µl for RNA extraction, 20µl for 

NTA and 10µl for protein estimation. The protein estimation aliquot was then 

placed in 40µl lysis buffer containing 1% Protease inhibitor and 1% Sodium 

Orthovanadate and all samples were placed in the freezer at -80°C for storage.   

 

2.3.2 EV Isolation from cell conditioned media  

Harvesting EVs from cells including MSCs and breast cancer cell lines 

involved growing the cells in EV depleted media for 48 hours prior to 

isolation. EV depleted media was obtained by an ultracentrifugation step to 

remove any EVs and debris from the fetal bovine serum. Media containing 

20% FBS was spun at 110,000 x g for 18 hours overnight. The EV free media 

was filtered (0.22µm) and diluted 1:1 with basal media to allow for a 10% 

FBS concentration. Pen Strep was added and the media was then stored in a 

glass bottle at 4°C until needed.  

For EV isolation cells were grown in complete media and trypsinised as 

normal before being resuspended in EV depleted media and seeded at 2 x 106 

cells per flask (12 x T175). 10ml of EV depleted media was added to each of 

the flasks overnight. The following morning the media was replaced with 

10ml of fresh EV depleted media for 48hrs. The media was removed from all 

the flasks after 48hrs and collected into 50ml falcons. The media was 

centrifuged at 300 x g for 10 mins, the supernatant was transferred to a fresh 

50ml falcon and spun again at 2,000 x g for 10 mins. These steps allowed for 

the removal of any large debris. After the second spin the media was passed 

through a 0.22µm filter into an ultracentrifugation tube (Hitachi Koki 

Centrifuge ware 25pc thick walled ultracentrifugation tube). The tubes were 

placed into the Hitachi himac micro ultracentrifuge (CS 150fNX) and spun at 
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110,000 x g for 70 mins (S50A-2152 rotor). After the ultracentrifugation step, 

the supernatant was discarded and the EVs were washed in sterile PBS. The 

EV-PBS suspension was added to a clean tube and the volume brought to 

12ml using PBS. A separate tube was filled with the same volume to be used 

as a balance. The suspension was then spun at 110,000 x g in the 

ultracentrifuge for a further 70 mins. After the second spin an aliquot of the 

supernatant was taken and the rest discarded. The pellet was then resuspended 

in 85µl of sterile PBS. The resuspended EVs were then divided in separate 

aliquots; 50µl for RNA extraction, 20µl for NTA and 10µl for protein 

estimation. The protein estimation aliquot was then placed in 40µl complete 

lysis buffer (described previously) and all samples were placed in the freezer 

at -80°C for storage.  

 

2.3.3 EV Quantification – Nanoparticle tracking analysis  

To characterise and quantify the EVs, Nanoparticle Tracking Analysis (NTA) 

was performed. This was carried out by a collaborative laboratory based in 

Trinity College Dublin using a Nanosight NS500. It allows for the 

quantification of biological particles ranging in sizes of 30nm – 2000nm. The 

NTA software characterised the nanoparticle size distribution based on both 

light scattering and Brownian motion. The NanoSight NS 500 contained a 

405nm laser with a 430nm long pass filter. The system was calibrated before 

use with 100nm polystyrene latex calibration nanoparticles. EVs were first 

diluted 1:50 in PBS. Using a syringe samples were placed into the chamber 

through the leur fitting. Light scattering is caused by the particles which is 

visualised by 20x light microscope. A camera then captures a video of light 

scattering. For each sample five 1-minute videos were recorded, with the 

detection threshold set for the particle size of interest. The nanoparticle 

concentrations provided were total nanoparticle concentration/mL and 

nanoparticles in the range of 30–150nm (Fig 2.4). For EV number vs protein 

yield analysis a Pearsons correlation was performed using Minitab 17.0. 
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Fig 2.4 Nanoparticle tracking analysis set up. (image 

https://www.photonics.com/Articles/Nanoparticle_Tracking_Analysis_Characteriz

es/a50656) 

 

2.3.4 Characterisation – T.E.M 

Cells were grown in EV depleted conditions as described previously. A 

primary fixative containing 25% Gluteraldehyde, 10% Paraformaldehyde in 

0.1M Sodium Cacodylate/HCL was prepared. Conditioned media/serum was 

filtered through a 0.22µm filter. Prior to the ultracentrifugation step the 

primary fixative was added at an equal parts volume and spun at 110,000 x g 

for 70 mins (cells) or 2 hours (serum). Post ultracentrifugation the supernatant 

was removed and discarded. The area where the EVs had pooled, was scraped 

down as normal in 55µl of PBS and this solution was placed into an 

eppendorf. The PBS was drawn off the samples and a secondary fixative 

containing 1% Osmium Tetroxide in 0.1M Sodium Cacodylate was placed on 

top of each sample (enough to cover the sample). The following day, the 

osmium solution was drawn off using a Pasteur pipette and discarded into a 

2% solution of ascorbic acid (to neutralise the toxicity). The samples were 

then dehydrated through a series of ethanol steps – 30%, 50%, 70%, 90%, 

100%. The samples were left in each graded ethanol for 2 x 15 mins. After 

the 100% ethanol, it was replaced by acetone – 2 x 20 mins, which acts as a 

transient solvent between the final ethanol and the resin step. The agar low 

viscosity resin was prepared using an Agar Scientific commercial kit. The 

https://www.photonics.com/Articles/Nanoparticle_Tracking_Analysis_Characterizes/a50656
https://www.photonics.com/Articles/Nanoparticle_Tracking_Analysis_Characterizes/a50656
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resin was prepared in a plastic container and mixed using a magnetic stirrer. 

When not in use the resin was stored in the fridge.  

The samples were then placed in a 50:50 mixture of resin and acetone 

overnight. The following morning the mixture was replaced by a 75:25 ratio 

of resin and acetone. Six hours later the samples were placed in pure resin 

overnight. The following morning after a change of fresh 100% resin the 

samples were placed in an oven at 65°C for 48hrs. The blocks were trimmed 

to expose the tissue surface at 1µm thickness and stained with 1% Toluidine 

Blue and viewed to “scout” for EVs. The relevant regions of interest were 

then trimmed at 80nm-100nm and lifted on a 3mm copper grid. The grids 

were then stained for 30 mins in 1.5% aqueous Uranyl Acetate and 10 mins 

in Lead Citrate. The sections were then allowed to dry and view by Hitachi 

H7000 Transmission Electron Microscope. Images were taken at widefield 

view to visualise the representative EVs and close field to image the EV lipid 

bilayer. 

 

2.4 Next Generation Sequencing  

Two passages of 4T1 cells and corresponding secreted EVs were sent for next 

generation miRNA sequencing performed by Qiagen (Germany). NGS was 

performed using the NextSeq550, QIAseq miRNA library kit and the illumina 

platform. Quality control was performed on all samples to ensure high quality 

before proceeding to library preparation. A distribution of sequences was 

created by trimming of adapters to the sequence length of miRNAs (18-

22nts). Each individual miRNA molecule was then tagged with a Unique 

Molecular Index (UMI) and reads analysed for the presence of UMIs. True 

quantification of the miRNAs by eliminating library amplification bias was 

performed by collapsing all reads containing identical insert sequence and 

UMI sequence into a single read. These reads were passed into the analysis 

pipeline, along with reads containing partially UMI. A spike in was added 

prior to RNA isolation. Mapping was then performed to analyse the quality 

of the samples to determine of the sequences aligns to any know genome. 

Number of read was then performed, followed by length distribution and 

number of known miRNAs. Expression levels were measured as tag per 

million (TPM) units. TPM was used to determine the number of reads for a 
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miRNA divided by the total number of mapped reads and multiplied by 1 

million.  

 

2.5 MiRNA Expression Analysis   

2.5.1 RNA extraction  

Cell pellets or EVs in PBS were allowed to defrost on ice. Before extraction 

cell pellets were resuspended in 100µl of PBS and 100µl of RNA lysis 

solution (Roche). The cells were repeatedly pipetted and vortexed until 

completely suspended in the solution. The suspension was then transferred to 

a fresh tube ready for RNA extraction. The MagNA Pure compact (Roche) 

was first switched on and allowed to run several self-checks. The cartridges 

for RNA extraction were scanned and loaded, along with the tip trays and 

sample collection tubes. The correct protocol was selected either Cells or 

Blood - subset serum for EVs. The elution volume of 50µl was selected, and 

the sample was loaded into the 2ml tube. 20µl of DNase was placed into a 

separate tube. It is essential to note the MagNA pure does not prompt for 

DNase to be added. An empty tube was loaded for the final elute RNA. Once 

complete the data was confirmed and the MagNA Pure was started. The 

samples were first disrupted by the lysis buffer and the addition of proteinase 

K (Fig 2.5). The nucleic acids bind to magnetic beads and DNA is removed 

by DNase digestion. A series of wash steps removes excess cellular debris. 

The nucleic acids are then eluted by separation from the magnetic beads (Fig 

2.5).  
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Fig 2.5 Overview of the MagNA Pure RNA extraction procedure (Image: 

https://www.lifescience.roche.com/global_en/products/magna-pure-compact-

instrument.html) 

 

Once the run was complete the RNA samples were placed in tapered 200µl 

tubes and labelled appropriately before being placed into the -80°C freezer 

for storage. 

 

2.5.2 RNA Quality and Quantity   

The quality and quantity of large RNA along with miRNA extracted from cell 

pellets was analysed using the Nanodrop 1000® Spectrophotometer. RNA-

40 was selected as the sample type for RNA analysis, with the extinction 

coefficient set to 40. For miRNA analysis “other” was selected with an 

extinction coefficient of 30. Before analysis 1µl of nuclease free water (NFW) 

was added to the pedestal and the machine was blanked. 1µl of RNA was then 

added to the pedestal. The sample arm was then placed down onto the pedestal 

containing the sample. Measurements at 260nm and 280nm were made with 

a path length of 0.1cm and the RNA concentration was determined 

automatically using the calculation: 

RNA concentration (ng/μL) = (A260 x e)/b 
A260 = Absorbance at 260nm, e= excitation coefficient (ng-cm/mL), b= path length (cm) 

 

https://www.lifescience.roche.com/global_en/products/magna-pure-compact-instrument.html
https://www.lifescience.roche.com/global_en/products/magna-pure-compact-instrument.html
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The quality of the RNA sample was determined by an absorbance ratio 

between 260 and 280nm. The sample was considered high quality if the 

ratio fell between 1.8 and 2.2. Any irregularities between the ratios could 

indicate contaminates of protein if below 1.8 or DNA if above 2.2 (example 

shown in Fig 2.6).  

 

 

 

Fig 2.6 An example of a Nanodrop result. The result shows a clear peak and no 

DNA/protein contamination as the 260/280 (red box) is within the correct ratio. 

 

2.5.3 miRNA reverse transcription 

The TaqMan® MiRNA Reverse Transcription Kit (Applied Biosystems) was 

used to reverse transcribe 100ng of miRNA. A specific primer for each 

miRNA being analysed was used and were obtained from Applied 

Biosystems (Table 2.2). 

 

 

 

 

 

 



Chapter 2: Materials and Methods 

 

55 

 

Table 2.2 TaqMan Pre-developed Assay Reagent (PDAR) primers.  

Target microRNA ID 

miR-16 000391 

miR-184 000485 

miR-122 002245 

miR-365-2-5p 463537 

miR-193b 002366 

miR-379 002133 

 

A mastermix was first made up in a brown 1.5ml eppendorf (to protect 

constituents from light) containing the following reagents (Table 2.3): 

 

Table 2.3 Mastermix for reverse transcription of miRNA for one sample 

dNTP Mix (100mM) 0.17µl 

10x RT buffer 1.65µl 

Nuclease Free Water (NFW) 4.57µl 

RNase Inhibitor (20U/µl) 0.21µl 

Multiscribe (50U/µl) 1.1µl 

Stem Loop Primer (miRNA target) 3.1µl 

  

Once the mastermix was made 100ng of RNA was added to a 200µl tube 

along with 10µl of mastermix to make a final volume of 15µl. An RT blank 

(negative control) containing mastermix and 5µl of NFW was also made. 

Reverse transcription of the samples and the RT blank was performed using 

the GeneAmp® thermal cycler (9700, Applied Biosystems, USA). The cycle 

consisted of 16°C for 30 minutes, 42°C for 30 minutes and finally 85°C for 5 

minutes. The samples were then transferred to tapered 200µl tubes and stored 

at -20°C  

 

2.5.4 Real-time Quantitative Polymerase Chain Reaction (RQ-PCR) 

RQ-PCR is used to quantify the amount of mRNA or miRNA by the 

amplification of the targeted cDNA. PCR reaction consists of several phases 

such as denaturation, primer annealing, template extension and finally a non-
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exponential/plateau phase. During each cycle the target is replicated the real-

time detection of the target is achieved by the presence of a fluorescent probe. 

Briefly, DNA is first denatured to single strands. The target specific primer 

binds to the sequence of interest. Polymerase causes extension of the primer, 

which cleaves the quencher from the probe, which is released causing a 

fluorescent signal. The cycle threshold (Ct) is the point at which there is 

enough fluorescent signal to allow for detection. The greater amount of 

sample present means the threshold will be achieved sooner and will be 

displayed as a lower Ct. Therefore, the lower the Ct value the greater the 

amount of target present. RQ-PCR was performed using a 96 well plate 

format (Fig 2.7), and each plate included three controls.  

 

Fig 2.7 An example of a PCR plate layout 

 

An RT blank as previously mentioned, along with a non-template control 

(NTC, mastermix plus 0.7µl NFW) to test the PCR run and an inter-assay 

control (IAC) to allow for comparison of multiple plates in a study. 10µl of 

the sample was loaded into each well in triplicate which consisted of 9.3µl of 

master mix (Table 2.4) and 0.7µl of cDNA.  
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Table 2.4 Mastermix for RQ-PCR for miRNA for one sample 

Taqman FAST Mastermix 5µl 

Nuclease Free Water (NFW) 3.8µl 

miRNA PDAR 0.5µl 

Total 9.3µl 

 

Once the samples were loaded, the plate was sealed and placed into the 

AB7900HT (Applied Biosystems) and run on a 40 cycle protocol. Each cycle 

consisted of a 95 °C for 20 seconds, 95 °C for 1 second followed by 60 °C for 

20 seconds. Results were exported to Microsoft Excel. For miR-379 analysis 

all data was normalised to an endogenous control. The ct of the endogenous 

control was subtracted from the ct of the miRNA of interest, giving the delta 

ct (Δct). The sample with the highest Δct (lowest expressor) was then 

subtracted from all samples, giving the delta delta ct (ΔΔct). The ΔΔct was 

then converted to 2-ΔΔct to determine the fold change. Each sample was then 

log transformed to create normal distribution. Independent two-sample t-tests 

were carried out using Minitab 17.0.  

 

2.6 Western Blot Analysis  

2.6.1 Protein Quantification  

A Pierce BCA Protein Assay was performed on EVs or cell lysate that had 

been resuspended in complete lysis buffer (20mM HEPES, 150mM NaCl, 1% 

Triton-X 100, 2mM EDTA, 2mM Sodium Orthovanadate, 10mM Sodium 

Fluoride, 10µl/mL Complete protease inhibitor). Briefly Albumin protein was 

used as a standard for determining the protein yield. Albumin stock was 

serially diluted in lysis buffer from a range of 2000ng/µl to 0ng/µl. 25µl of 

each sample or standard was placed into a well on a 96 well plate in duplicate. 

200µl of a working reagent (WR) made up of 50 parts reagent A and 1-part 

reagent B was added to each of the wells. The plate was placed on a shaker 

for 30 seconds and then incubated at 37°C for 30 mins protected from the 

light. Absorbance was read at a wavelength of 562nm on the Allsheng AMR-

100 microplate reader and the results determined using the Albumin standard 

curve.  
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2.6.2 Buffer Preparation  

Four different buffers were prepared in advance including a running, transfer, 

washing and blocking buffer 

 

• 10x Tris-Glycine-SDS Running Buffer: 2.5mM Tris, 19.2mM 

Glycine, 0.1% SDS made up to 1 liter with dH2O. 

 

• 1x Transfer Buffer: 2.5mM Tris, 19.2mM Glycine, 20% Methanol 

made up to 1 liter with dH2O. 

 

• Washing buffer/Tris buffer saline and tween (TBS-T): 0.5M Tris, 

1.5M NaCl, 0.05% tween made up to 1 liter with dH2O. 

 

• Blocking Buffer: 5% milk diluted in TBS-T 

 

• Antibody diluent: 0.1% milk diluted in TBS-T 

 

2.6.3 Electrophoresis 

Samples were prepared in 0.5mL tubes containing: 

 

4X sample buffer                          5µl 

10X reducing agent                       2µl 

Protein Sample (+dH2O) (10µg) 13µl 

Total Volume        20µl 

 

Samples in reducing agent and sample buffer were denatured in the PCR 

Sprint machine at 70°C for 10mins. After denaturing it was ensured that the 

samples were not placed on ice as it would cause the proteins to fold. The 4-

15%, 10 well, 30µl precast gel (BioRad Mini-Protean II) was then removed 

from the fridge, the pouch was cut open and the combs and sticker were 

removed. It was then rinsed well with dH2O, positioned in the chamber and 

clamped in place. The chamber was then checked for any leaks by placing the 

chamber into the buffer tank and pouring in a small amount of running buffer. 
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If the chamber leaked the gel was repositioned and checked again, as wrong 

positioning in the chamber would not allow for the current to run correctly. 

The running buffer must exceed the levels of the wells inside the chamber. 

The remaining running buffer was loaded into the tank slowly to avoid 

bubbles forming. The samples were gently pipetted up and down and were 

then loaded into the appropriate wells. Any empty wells were filled with 

sample buffer and dH2O to keep the lanes running straight. 5µl of molecular 

weight (ranging from 20-220kDa) ladder (Invitrogen Magic Mark XP) was 

loaded into the first and last lanes of the gel. The lid was placed on and the 

cables were connected to the BioRad power pac 300 and run at 200V for 40 

mins.  

 

2.6.4 Transfer  

Filter paper, fiber pads and the nitrocellulose membrane (Novex Life 

Technologies 0.45µm pore) were all placed in separate containers containing 

transfer buffer and placed on a shaker to pre-soak. The membrane was always 

handled with care using forceps. The gel sandwich was then prepared by 

placing the cassette on a clean surface and placing a pre-soaked fiber pad on 

the black side. A sheet of pre-soaked filter paper was then placed on top. The 

gel was removed from the cassette by gently breaking apart the case at the 

indicted places (small black arrows). The gel was then placed onto the filter 

paper, noting where well one was by cutting the gel at the bottom corner. The 

pre-soaked nitrocellulose membrane was then placed on top of the gel using 

forceps. Another piece of filter paper was placed on top of the membrane and 

finally another fiber pad completing the sandwich. The sandwich gently 

rolled with a glass tube to remove bubbles and sealed. The cassette was then 

placed into the electrode module. The setup of the gel sandwich must be done 

in the correct order to allow for the transfer. The direction of the transfer was 

from Black Cathode to Red Anode; therefore, the membrane was placed on 

the anode side of the gel. An ice cooling block was placed into the buffer tank 

along with the electrode module to prevent overheating during the transfer. 

The tank was then filled up with transfer buffer. The transfer was then run at 

25V for 1 hour exactly as any longer and the samples could transfer to the 

filter paper. Following transfer, the membrane was removed and placed in 5% 
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milk TBS-T for 2 hours on a shaker. The milk was then removed and 5ml of 

washing buffer was added to the membrane for 15 mins and placed back on 

the shaker, followed by a further 2 x 5 min washes. The primary antibody was 

then added at the appropriate dilution in 0.1% milk (Table 2.5). 

 

Table 2.5 Antibody targets for western blot.  

Antibody ID Concentration Secondary  ID Concentration  

CD63 Ab59479 1/1000 

(16hrs) 

Rb anti 

Ms 

Ab6728 1/10,000 

(1.5hrs) 

CD81 Ab79559 1/10,000 

(1.5hrs) 

Rb anti 

Ms 

Ab6728 1/10,000 

(1.5hrs) 

All antibodies were purchased from Abcam. Rb: Rabbit; Ms: Mouse; Gt: Goat  

 

If the antibody incubation was overnight, the container with the nitrocellulose 

membrane was wrapped in cling film to prevent evaporation and placed on a 

shaker at 4°C. The antibody was then poured off and the membrane was 

washed in washing buffer for 1 x 15 min and 2 x 5 min. If the membrane had 

no overnight incubation it was then placed in washing buffer overnight on a 

shaker at 4°C. The secondary antibody was then added at the appropriate 

dilution (Table 2.5) in 0.1% milk and placed on the shaker for 1.5hrs. The 

antibody was then poured off and the membrane was washed for 1 x 15min, 

3 x 5 mins and 1 x 15 mins in washing buffer. The Supersignal 

Chemiluminescent substrates (Bio-rad Clarity Western ECL substrate) were 

then made up containing two solutions mixed at equal volumes immediately 

prior to use. The membrane was then removed using forceps, placed on cling 

film, and the substrate solution added directly to the membrane (ensuring it 

was fully covered) for 5 mins at room temperature. The membrane was then 

lifted and drained by blotting the corner on tissue. The membrane was then 

place in fresh clean cling film and covered before being imaged using the 

Image lab software (Bio-rad Universal hood III). 
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2.7 Impact of engineered EVs in vivo  

2.7.1 Ethics and licencing  

In advance of the In Vivo study, basic training was completed by attending 

the Laboratory Animal Science and Teaching (LAST) Ireland (Appendix 1). 

Individual authorisation was received (AE19125/I175; Appendix 2). Animal 

handling training and facility induction were also completed along with 

attending a 3R’s training day in Dublin. Ethical approval was obtained from 

Animal Care Research ethical committee (ACREC, Appendix 3) NUI Galway 

and a licence for the study was received from the Health Products Regulatory 

Authority (HPRA) (AE1925/P084; Appendix 4).  

 

2.7.2 Animal facility  

Animals were housed in the Barrier facility for the duration of the study. Entry 

into the barrier facility required card access, along with changing into PPE 

clothing including clean scrubs, shoes, a face mask, hair net and gloves. All 

equipment or materials that entered the facility were autoclaved. Animals 

were housed in individually ventilated cages with 3-4 animals per cage. All 

animals were monitored regularly with their food and bedding changed by a 

Day-to-Day care person.   

 

2.7.3 Animal models  

Two separate animal models were used in this study. An immune 

compromised model employed female athymic nude Balb/c mice, aged 6-8 

weeks (Charles Rivers Laboratories Ltd) and were immune-compromised due 

to a lack of a thymus. This allowed for the orthotropic growth of human-

derived tumours without inducing an immune response.  

The immune competent animal model employed was female Balb/c mice 

aged 6-8 weeks (Charles Rivers Laboratories Ltd). The animals had a full 

functioning immune system meaning the tumours administrated had to be of 

a murine origin (4T1 breast cancer cells). 

 

2.7.4 Tumour Induction  

Appropriate mice were placed under anaesthetic, using 5% Isoflurane carried 

by oxygen for induction of anaesthesia and 2% for maintenance during 



Chapter 2: Materials and Methods 

 

62 

 

procedures. The Balb/c mice had the surgical area denuded using depilatory 

cream (Veet hair removal cream). The depilatory cream was placed on the 

surgical area using cotton swab. After 1 minute the cream was removed with 

a piece of cotton gauze and the area clean with an ethanol wipe. It was 

essential the depilatory cream was not left longer than a minute as it may 

cause burning or irritation to the skin. Balb/c nude mice are hairless therefore 

did not require the application of depilatory cream.  

For all mice the skin was lifted using a needle nose forceps and a small 

incision was made using an operating sharp blunt type scissors exposing the 

mammary fat pad. Balb/c nude mice received an injection of 1 x 107 HCC-

1954 Luciferase expressing cells and Balb/c mice 1 x 105 4T1 cells suspended 

in RPMI media into the 4th inguinal mammary fat pad, using a 24G needle 

and a 1ml syringe. Tumour growth was monitored by regular visual 

inspection when palpable tumours were present (Fig 2.8 (A)), followed by 

IVIS imaging when tumour burden reached adequate size (Fig 2.8 (B)).  
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Fig 2.8 Timeline of the In Vivo studies. (A) Balb/c timeline schematic shows 

tumour induction and MSC-EV administration. (B) Balb/c nude timeline.  The 

schematic shows the time points for the administration of, MSC-EVs and IVIS 

imaging adapt from [58].  

 

  

2.7.5 EV Administration 

Balb/c nude mice received 4 repeat doses of 2.6 x 107 EVs when tumours 

reached a palpable volume. Animals were monitored by IVIS imaging in the 

weeks following (Fig 2.8).  

(A) 

(B) 
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Balb/c mice received 1 dose of 1 x 108 Human MSC EVs or 1 x 108 Murine 

MSC EVs when tumour burden reached a palpable volume. 3 days following 

EV administration animals were sacrificed.  

 

2.7.6 Bioluminescence (IVIS) Imaging 

Balb/c nude mice were imaged regularly using the In Vivo Imaging System 

(IVIS, Perkin Elmer) to monitor tumour growth and any potential metastasis 

throughout the study. The animals first received an intraperitoneal injection 

of 150µg/kg D-Luciferin. After 12 minutes the mice were placed under 

anaesthetic and this was maintained (2% Isoflurane) throughout imaging by 

the enclosed imaging system. Images taken were saved and tumour activity 

was calculated based on light emission. The software system (Living Image 

Software 3.2) allowed for regions of interest to be set and automatically 

selected to ensure consistency. For tumour burden vs EV number analysis a 

Pearsons correlation was performed using Minitab 17.0.  

 

2.7.7 Terminal Bleed 

At the end point of the study mice were sacrificed by terminal bleed. This 

involved a cardiac puncture using a 24G needle and a 1ml syringe. The mouse 

was fully anaesthetised, the needle was inserted at the base of the rib cage. 

When the needle had entered the heart, the tip of the syringe filled with blood. 

The plunger was very carefully and slowly retracted, filling the syringe with 

up to 1ml of blood. The blood was then placed straight into a paediatric serum 

separator tube. It was allowed to clot at room temperature for 30 mins prior 

to centrifugation at 10,000 x g for 5 mins. The serum was then placed in an 

eppendorf, labelled appropriately and stored at -80°C.  

 

2.7.8 Specimen collection  

After terminal bleed the animal had generally passed, however, if the animal 

had not expired it was placed in a CO2 chamber until respiration had stopped. 

The animals were placed again on the surgical stage and tumours were 

removed.  

For the Balb/c nude mice, tumours were removed split in half, and placed into 

either RNA Later® or 4% PFA for histologic analysis.  
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For study of immune cell populations Balb/c mice that received human or 

murine MSC-EVs had tumours, lymph nodes and spleens resected and placed 

in PBS on ice for subsequent processing as described in section 2.7.9. The 

tumours and mammary fat pad of the control group were removed and placed 

in 4% PFA for IHC analysis.  

 

2.7.9 Tissue dissociation  

Tumours were removed from PBS, blotted on filter paper and weighed. The 

intact tumours were washed in PBS + 10% P/S, before being cut into smaller 

pieces. The cut-up tumours were added to 15ml falcons along with enzymes 

from the Miltenyi Biotec Tumor Dissociation Kit. The falcons were placed 

into a 37°C water bath for 2 hours and inverted 10 times every 30 mins. 5ml 

of PBS was placed into a weigh boat, the tumour taken from the 15ml falcon 

and placed into a 40µm Nylon Cell Strainer (BD Falcon). The tumour, spleen 

and lymph nodes (LN) were pushed through the strainer into a weigh boat 

containing 5mL of PBS with the end of a 1ml syringe (BD Plastipak). The 

strainer was then rinsed with a further 5ml of PBS to facilitate collection of 

all cells. The tumour/spleen/LN suspension was then placed into a 15ml 

falcon and centrifuged at 400 x g for 5 mins. Supernatant was removed and 1 

ml of Ammonium-Chloride-Potassium Buffer (ACK; Ammonium Chloride 

(150mM); Potassium bicarbonate (10mM) and disodium salt dihydrate 

(0.1mM)), was added to the tumour and spleens (not the LN as there was no 

red blood cell contamination). Samples were resuspended and left at room 

temperature for 5 mins. 9ml of PBS was then added and the sample was 

centrifuged at 400 x g for 5 mins. The supernatant was removed, and the 

tumour/spleen/LN cells were resuspended in FACS buffer (PBS, 2% calf 

serum, 1 mM EDTA, 0.1% sodium azide). A cell count was performed using 

the Nucleocounter. 100,000 cells were seeded in triplicate for each sample 

into a 96 well plate (x 2) for the tumour and spleen and in duplicate for the 

LN due to small size and reduced yield (Fig 2.9). Four rows of spleen cells 

(100,000/well) were seeded onto a third plate. This was a control plate so that 

single cell stains and fluorescence minus one (FMO) could be performed for 

flow cytometry machine set up and to allow for compensation.  



Chapter 2: Materials and Methods 

 

66 

 

 

Fig 2.9 Plate layout of the single cell suspension of tumour, spleen and lymph 

nodes. Rows A & B: LN cells from all animals seeded in duplicate for each 

sample. Rows C-E: Spleen cell seeded in triplicate for each sample. Rows F-H: 

Tumour cells seeded in triplicate for all animals. Each row represents a different 

animal.  

 

2.7.10 Flow cytometry  

The 96 well plates containing cell suspensions of the tumours, LNs and 

spleens were spun at 400 x g for 5mins to pellet the cells. Two immune cell 

marker panels were created based on the antibody fluorescent tag to avoid 

spectral overlap. All antibodies were sourced from MSC Biolegend (Table 

2.6).  

Table 2.6 Immune target antibodies for flow cytometry  

Panel 1 Antibodies Code Panel 2 Antibodies Code 

CD4-APC 100412 CD11b-FITC 108910 

CD8-APC  100712 CD11c-FITC 117306 

CD25-PE 102008 MHC-I-APC-Cy7 116629 

Granzyme B-Alexa 

Flour647 

515405 MHC-II-APC 115003 

GR-1-PerCP-Cy5 128001 CD86-BV421 104726 

Ly-6c-PE-Cy7 108415 CD27-BV510 124229 

CD19-BV510 115545 CD206-PerCP-Cy5 141715 

Abbreviations – APC: Allophycocyanin; PE: Phycoerythrin, PerCP: Peridinin Chlorophyll 

Protein Complex; BV: Brilliant Violet; FITC: Fluorescein isothiocyanate; CD: Cluster of 

differentiation; GR-1: glucocorticoid receptor; MHC: major histocompatibility complex.  

Lymph node cells  

Spleen cells 

Tumour cells 
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Antibodies were not titered, therefore 0.62µl/well was added and made up to 

50µl with FACS buffer. The antibodies/cell suspension were left on ice for 

30 mins. A further 150µl of FACS buffer was added to each well before being 

spun at 400 x g for 5 mins.  

The supernatant was removed, 200µl of FACS buffer was added to each well 

and spun at 400 x g for 5 mins. Panel 1 plate, 200µl of permeabilization buffer 

(E Biosciences) 1X diluted 1:4, was added to each well and left overnight at 

4°C. The following day the panel 1 plate was spun at 400 x g for 5 mins, then 

washed in FACS buffer x 2. Granzyme B (0.62µL/well) in 150µl 1X 

permeabilization buffer (E Biosciences) was added to the wells and left for 

30 mins. Following a spin step Granzyme B was removed, and the cells were 

washed in permeabilization buffer. Panel 2 plate, 2% PFA was added to each 

well, and left for 30 mins. A spin step was performed at 400 x g for 5 mins 

and PFA was removed and 200µl FACS buffer was added, spun at 400 x g 

for 5 mins (x2). The cells were then left in FACS buffer overnight in the 

fridge. 150µl of FACS buffer was added to each well of both plates, the cells 

resuspended and transferred to FACS tubes. 

Samples were acquired using the BD FACSCanto II flow cytometer. Before 

the samples were run, forward and side scatter parameters were set to 

distinguish the different cell populations. Fluorescence minus one (FMO) 

controls were used to position the gate to determine the percentage of cells 

that stained positive for the target marker. Gates were then drawn around the 

cells of interest to exclude the dead cell/debris and doublet discrimination. 

The single colour controls were then loaded, and compensation applied to 

avoid spectral overlap of the tags. For example, the FITC single cell 

suspension was run through the system against all the other tag labels. The 

gate was then adjusted to avoid spill over of one tag into another. During 

compensation the mean of the positive cells and negative cells was monitored 

to ensure they were roughly the same value. This process was repeated for all 

fluorescent labels being analysed. For Panel 1 analysis of the tumour, LN and 

spleen cells the lymphocyte fraction was first gated and from this fraction the 

single cells were selected, gating applied, and then the live cells selected 

further (Fig 2.10).  
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Fig 2.10 Panel 1 flow cytometry gating for tumour cells. (A) The lymphocyte 

fraction was gated and from this fraction (B) the single cells were further gated (C) 

The live cells were then selected from the single cell fraction for analysis. (Animal 

#131) 

 

For Panel 2 analysis of the tumour cells, the monocyte fraction was first gated, 

and from this fraction the single cells were selected, gating applied, and then 

the live cells selected further (Fig 2.11). 

 

 

 
Fig 2.11 Panel 2 flow cytometry gating for tumour cells. (A) The monocyte 

fraction was gated and from this fraction (B) the single cells were further gated (C) 

The live cells were then selected from the single cell fraction for analysis. (Animal 

#131) 

 

For Panel 2 analysis of the LN and spleen cells, the leukocyte fraction was 

gated, and from this fraction the singles cells selected, with gating applied the 

live cells were selected and further analysed (Fig 2.12). All immune analysis 

was performed in collaboration with Dr Aideen Ryan and Dr Oliver Treacy 

who provided extensive support and input on experimental design and data 

analysis. 

 

 

(A) (B) (C) 

(A) (B) (C) 
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Fig 2.12 Panel 2 flow cytometry gating for spleen cells. (A) The leukocytes 

fraction was gated and from this fraction (B) the single cells were further gated (C) 

The live cells were then selected from the single cell fraction for analysis. (Animal 

#129) 

 

This gating was performed for all samples – tumour, lymph nodes and 

spleen for all animals. Once analysis was performed the percentage of cells 

bound to the antibody was determined based on the fluorescence minus one 

control.  

 

2.8 Histological Analysis  

2.8.1 Tissue Processing & Embedding 

The tumour tissues were placed in 4% PFA after removal from the animal. 

The tissues were left in the formalin for at least 72 hours before processing. 

The tumours were then loaded into histology cassettes (Histosette I Simport) 

and labelled with the appropriate animal number using a pencil (marker will 

wash off during fixation process). Before commencing the run, a reagent and 

wax volume check was performed and topped up if necessary. To fix the 

tissues a Leica Excelsior AS (A82310100) tissue processor was used. The 

process was put on overnight and began by dehydrating the samples in 70% 

ethanol for 1 hour followed by an immersion in 95% ethanol. The samples 

then went through a series of 100% ethanol immersions for 1 hour, 1.5 hours 

x 2 and finally 2 hours. The ethanol was then removed from the samples by 

washing in Xylene twice for 1 hour each. This was followed by embedding 

the samples in paraffin wax twice for an hour each. The samples were then 

removed from the processer and placed on the embedding station and 

embedded in wax. Each sample was placed in a mould of appropriate size, 

(A) (B) (C) 
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and wax was poured into the mould to immerse the sample. A cassette was 

then placed on top of the wax and more wax was poured on to hold the 

cassette in place. The mould was then placed on the ice plate to solidify the 

wax. Once the wax was solid, the mould was removed and stored at room 

temperature until further use.  

 

2.8.2 Tissue Sectioning   

Samples were sectioned using a microtome (microTec, CUT 4055). Prior to 

sectioning, the sample block and forceps were placed on ice. The microtome 

wheels were locked in place and a fresh blade (Thermo scientific MX35 

Premier blade) was placed in the holder. A sample block was then clamped 

in place on the stage and the stage was adjusted. The wheel was unlocked, 

and each block was initially pared back at 30µm thickness to expose a full-

face section of the tissue sample. The thickness was then reduced to 5µm and 

sectioned. When an appropriate ribbon was cut it was floated out on a 37°C 

water bath using the forceps. This allows the section to flatten out for 

mounting onto a slide (Suprfrost Ultra plus slide Thermo Scientific) for 

staining. The slides were left overnight at room temperature to allow the 

samples to air dry. Once dry, the sections were either stored (at room 

temperature) for further use or stained.    

 

2.8.3 Haematoxylin & Eosin Staining 

The sections were placed in a holder and first deparaffinised in two changes 

of Xylene washes, 10 minutes each. The samples were then rehydrated using 

2 changes of absolute ethanol (5 mins each) and then a 95% and 70% ethanol 

wash for 2 mins. The samples were then washed briefly in distilled water, 

placed in Mayer’s Haematoxylin solution and stained for 8 mins. The rack 

was then transferred to a tube containing warm water and left running to wash 

away any excess stain (10 mins). Samples were rinsed in distilled water 

before being dipped 10 times in 95% ethanol. The samples were then 

transferred to the counterstain Eosin for 45 seconds. After counterstaining the 

samples were dehydrated again. This was done by a series of ethanol washes 

1 x 95% and 2 x 100% followed by 2 x Xylene washes all for 5min each. The 
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coverslips (22 x 55mm, 0.16-0.19mm thick) were then mounted using 

Dibutylphthalate Polystyrene Xylene (DPX). 

 

2.8.4 Immunohistochemistry  

The amount of protein expression in the samples was determined by 

Immunohistochemistry (IHC) using the Ventana Discovery system. The 

Ventana allows for uniform and reliable staining of each sample on every run. 

Before a run, the software Discovery was opened and a wash cycle was 

performed, to clean the machine and reapply an oil strip which holds the slides 

in place during a run.  

The appropriate protocol for the antibody being employed was chosen and 

labels containing barcodes for that specific protocol were printed. The labels 

were placed on the slides - it was important to note the sections being stained 

as the labels cover this information. The sections were then placed on the 

carousel. For every run a positive control (tissue with robust target 

expression) and negative control (slide the receives no primary antibody) 

were included. The 3,3′-Diaminobenzidine (DAB) map kit (Discovery DAB 

map kit Ventana) was then loaded onto the stainless-steel carousel. Each 

reagent bottle clicked into place on the carousel with the barcodes facing out. 

The carousel was then placed onto the top of the machine and clicked into 

place. The bulk reagent levels were filled to appropriate levels including EZ 

PREP, LCS, CC1 and Reaction Buffer (all supplied by Ventana).  

On the software “sign off” was clicked and run protocol was selected. The 

number of slides on the carousel was input and “proceed with staining” 

selected. The system then performed a check to make sure the slides were 

correctly positioned on the carousel by scanning the barcodes on the labels. 

The machine then ran a reagent check to ensure all reagents were in date and 

the correct position. The system first removed the paraffin by washing the 

samples in EZ Prep solution. Liquid cover slips were then applied to prevents 

evaporation of reagents. The Ventana run was set up to manually apply the 

primary and secondary antibodies at appropriate times (Table 2.7). 
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Table 2.7 Antibodies and concentrations for Ventana immunohistochemistry 

Antibody ID Diln Time Secondary  ID Diln  Time 

CD31 Ab28364 1:50 1 hour Gt anti Rb Ab6721 1:500 30 mins 

HER2 Ab16901 1:400 30 mins Rb anti Ms Ab6728 1:500 16 mins 

Ki67 Ab15580 1:200 30 mins Gt anti Rb Ab6721 1:500 30 mins 

LYVE1 Ab14917 1:100 1 hour Gt anti Rb Ab6721 1:1000 30 mins 

COX2 Ab52237 1:200 1 hour Gt anti Rb Ab6721 1:500 30 mins 

Abbreviations – Diln: Dilution; Gt: Goat; Rb: Rabbit; Ms: Mouse  

 

Antibodies were diluted in antibody diluent (Ventana) to the appropriate 

concentration. It was extremely important that before adding the antibody the 

“star” button on the machine was pressed to allow for a wash step. If this is 

done after the antibody has been added it will be washed off. 100µl of the 

antibody in the diluent was added to each slide by placing the pipette tip under 

the liquid coverslip and pipetting on extremely carefully onto the slide to 

avoid spilling. 100µl of diluent with no primary antibody was added to the 

negative control slide. The “star” button was pressed again to start the 

antibody incubation process and a time was displayed to add the secondary 

antibody. The same process was repeated for the secondary antibody 

(negative slide receives secondary antibody). After adding the secondary 

antibody, a time was displayed on the monitor to indicate counterstaining. For 

this the “star” button was pressed at the appropriate time and counterstaining 

performed. Once the run was complete the slides were removed and placed in 

a holder. The slides were washed in warm soapy water and then rinsed in 

running water until the suds had cleared. The sections were then dehydrated 

through 95% ethanol for 5 mins followed by two changes of 100% ethanol 

for 5 mins. Finally, two changes of Xylene were performed to allow for 

coverslip mounting using DPX and left to dry overnight before imaging of 

the staining (Olympus DD73, CellSens software). 
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3.1 Introduction  

A non-invasive method for early detection and monitoring therapeutic 

response of breast cancer is essential. In the presence of cancer, microRNA 

expression has been found to be both lost or elevated in tumour tissue and at 

circulating levels. As a result of this, research focusing on the potential of 

miRNAs as biomarkers and therapeutic targets has grown over the past couple 

of decades [37]. MiRNAs are released into the circulation by all cells 

including tumour cells, and therefore have the potential to be used for cancer 

detection. There are many challenges that have arisen when working with 

miRNAs, as many factors can affect circulating levels including age, gender, 

co-morbidities, lifestyle factors including smoking and prior treatments 

[169]. Variation in specimen collection and handling, along with processing 

can significantly alter the miRNA levels [170]. The type of sample analysed 

can also affect the result, with variation in miRNA levels seen between whole 

blood, serum and plasma from the same individuals [170] [171]. Red blood 

cells are enriched with certain miRNAs, elevated levels of which in the 

circulation can be misinterpreted as representative of the disease [171] [172]. 

In order to reduce these issues, extracellular vesicle (EV) encapsulated 

miRNAs are now being investigated as biomarkers. EVs prevent miRNAs 

from being degraded in the circulation, providing a cleaner sample starting 

material. EVs are also thought to be a fingerprint of the secreting cell and 

therefore tumour-derived EV-miRNAs detectable in the circulation of cancer 

patients may be reflective of the presence of disease. EV-miRNA also hold 

potential as a diagnostic aid to distinguish between different subtypes and 

therefore could contribute to clinical decisions regarding treatment strategies 

[173].  

There are many issues that need to be addressed before EV-miRNA can be 

used for cancer detection. The methods of isolation and characterisation vary 

widely and there is a need for more consistent, reliable and transparent 

reporting and analysis of results [90]. There has been a move to avoid using 

commercial kits because of co-isolates and increasing characterisation by 

western blot targeting a range of different protein categories. Direct 

measurement of vesicle size and concentration and visualization of 

morphology using high powered microscopy is regarded as a necessity [90] 
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[173]. The field is moving forward rapidly, and it is essential that EVs are 

properly characterised and standardised in line with the MISEV2018 

guidelines to ensure the results are accurate and true [90]. A non-invasive 

marker that can help to distinguish cancer patients from healthy individuals 

is necessary. The need to identify a patient with early stage breast cancer is 

vital for better outcomes and increased survival rates [174]. To investigate the 

potential of EV-miRNA, In Vivo models of breast cancer allow us to consider 

biological factors secreted by the tumour and other organs. These controlled 

conditions mean there is a significant reduction of inter-donor difference 

when compared to patients.  

 

3.2 Aims 

• Characterise tumours formed using the HER2 amplified HCC-1954 

breast cancer cell line 

• To isolate and characterise circulating EVs in the serum of animals 

bearing the HCC-1954 tumours  

 

3.3 Summary Methods [Described in detail in Chapter 2] 

3.3.1 Cell culture and EV isolation  

Mesenchymal Stem Cells (MSCs) were obtained from collaborators in the 

Regenerative Medicine Institute (REMEDI) in NUI Galway. Cells were 

transduced to express miRNA-379 by lentiviral transduction. Before EV 

isolation, cells were cultured in EV depleted media for 48hrs, and EVs 

isolated and characterised using Western Blot, Transmission Electron 

Microscopy (TEM) and Nanoparticle Tracking Analysis (NTA).   

 

3.3.2 In Vivo study  

Ethical approval was obtained from NUI Galway Animal Care Research 

Ethics Committee (ACREC) and a licence for the study was received from 

the Health Products Regulatory Authority (HPRA). Female Balb/c nude mice 

(n=25) received a fourth inguinal mammary fat pad injection of 1 x 107 HCC-

1954 breast cancer cells previously transduced to expressed luciferin (HCC-

Luc). Tumour burden was monitored by IVIS imaging. When the animals 
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were sacrificed by cardiac puncture, tumours were placed in 4% PFA for IHC 

analysis and blood placed in a serum separator tube. Serum was extracted and 

placed at -80°C for further analysis.  

 

3.3.4 Immunohistochemistry  

Fixed tumour tissues were embedded in paraffin wax, sectioned and stained 

for a range of proteins using the Ventana discovery system. Targets included 

HER2, CD31, LYVE-1 and Ki67 using a DAB map stain, and images 

captured using an Olympus DD73 microscope and CellSens software. 

  

3.3.5 miRNA RQ-PCR 

Post EV isolation from serum, RNA was extracted using the MagNA Pure 

Compact (Roche). RNA was reverse transcribed for the target miR-16 using 

the GeneAmp PCR system 9700 (Applied Biosystems). PCR was performed 

targeting miR-16 using the QuantStudio 7 Flex (Applied Biosystems).  

 

3.4 Results  

       3.4.1 IVIS Imaging of tumour burden  

Once tumours were palpable, burden was monitored using IVIS 

Bioluminescent imaging, with repeat imaging performed throughout the 

course of the study (Fig 3.1 A, B). Increasing tumour size can be seen over a 

four-week growth period before sacrifice.  

Fig 3.1 Examples of monitoring of HCC-1954 tumour burden by IVIS imaging. 

(A) animal #199 and (B) animal #156. Wk = week 
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       3.4.2 Characterisation of HCC-1954 tumours within a murine model. 

Tumours were sectioned and stained for HER2 (Fig 3.2 A, B) to confirm 

amplification of the HER2 receptor in the HCC-1954 tumours. Robust 

membrane targeted HER2 expression was visible throughout the tumour 

mass. As a negative control T47D tumours (Luminal A, HER2 negative) were 

also stained (Fig 3.2 D, E) showing only weak non-specific staining, that was 

not membrane targeted.  A primary antibody-free section was included to 

ensure staining was specific (Fig 3.2 C, F). Mild non-specific staining was 

seen in the T47D tumours, with no evidence of non-specific staining seen in 

the antibody-free HCC-1954 tumour sections.   
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 Fig 3.2 Detection of HER2 protein by IHC. HER2 receptor amplification in the HCC-1954 tumours. Robust membrane targeted 

HER2 expression was visible throughout the tumour mass (A) HCC-1954 20X and (B) 40X. As a negative control T47D tumours 

(Luminal A, HER2 negative) were also stained (D) T47D 20X and (E) 40X.  

(C) HCC-1954 antibody free control 4X. (F) T47D antibody free control 4X 

 

20X 40X 

4X 

Antibody free stain 

     HCC-1954 

        T47D 
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Tumour tissues were further characterised for expression of proteins 

associated with angiogenesis, proliferation and metastasis. To confirm the 

vascularity and proliferative activity of the HER2 amplified model the 

tumours were stained for CD31, LYVE-1 and Ki67. CD31 is a marker of neo-

angiogenesis and expression levels indicate angiogenic activity in breast 

cancer tumours [175]. Positive expression indicating endothelial cells lining 

blood vessels in the tumours can be seen in Fig 3.3 (A, B). LYVE-1 transports 

lymphatic fluid which is involved in cell adhesion and migration [175]. 

Therefore LYVE-1 is used as a marker of lymphangiogensis in breast cancer 

patients. Expression of the protein can be seen around the blood vessels of the 

tumour (Fig 3.3 (D, E)). Growth of the tumour was assessed by measuring 

levels of Ki67, which identifies how rapidly the tumour is proliferating. 

Strong nuclear expression of Ki67 can be seen in Fig 3.3 (G, H). Finally, a 

negative antibody-free control was placed on all runs showing only non-

specific staining in the periphery of the tumours, confirming specific and 

localised staining (Fig 3.3 C, F, I). These results show a rapidly proliferating 

tumour with neo-angiogenesis and vessel enlargement to facilitate tumour 

growth and progression.  
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Fig 3.3 IHC staining of HCC-1954 tumours. (A) CD31 10X (B) CD31 20X (C) CD31 antibody free control 4X (D) LYVE-1 10X (E) 

LYVE-1 20X and (F) LYVE-1 antibody free control (G) Ki67 10X, (H) Ki67 20X and (I) Ki67 antibody free control 4X

            10X             20X 

            4X 

Antibody free control 

            CD31 

         LYVE-1 

           

Ki67 
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        3.4.4 Serum EV NTA  

Circulating serum EVs were successfully isolated from all murine serum 

samples (n=25). The EVs were characterised by Nanoparticle Tracking 

Analysis (NTA) determining the size and concentration of EVs in each 

sample. EV numbers ranged from 9.97 x 109 – 5.95 x 1010/ml. Clear peaks 

were seen between the 30-150nm size range showing small EVs (sEVs) for 

most samples across all five replicates (Fig 3.4 (A)). The average of five 

readings is shown in the black line of Fig 3.4 (B) with the range of the 

readings shown in the red shading.    

 

Fig 3.4 NTA result of murine serum EVs. (A) Peaks of all five replicates can be 

seen between 30-150nm representing sEVs. (B) Average reading of all five 

replicates (black line) and range of the readings (red line). 

 

For some samples (n=3) the replicates did not fall into the size of sEVs (30-

150nm) (Fig 3.5 (A)), with the average reading greater than 150nm (Fig 3.5 

(B)). The sample yields ranged from 6.34 x 109 – 1.30 x 1010, with the mean 

size of the EVs reading at 175nm. These higher readings may be due to 

potential clumping or clustering of the EVs. However, due to the larger mean 

EV size these samples were excluded from further analysis. 

 

 

 

 

 

 

 

 

 

(A) (B) 
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Fig 3.5 NTA result of murine serum EVs excluded from further analysis. (A) The 

peaks of the five replicates of the sample (B) average mean and range of five 

replicates.  

 

       3.4.5 Serum EV Protein Analysis  

Protein yield was measured by BCA assay of all remaining 22 serum EV 

samples that achieved appropriate NTA reading, with yields ranging from 

181.2 – 1914.5µg/mL (Fig 3.6 (A)). In the past protein yield was regularly 

used as a normalisation method for EV quantification. In this study however 

no significant correlation was seen when protein yield of the circulating 

serum EVs was compared to EV number as determined by NTA: Pearsons 

correlation R2 =0.26, p= 0.3 (Fig 3.6).  
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Fig 3.6 Analysis of serum EVs of HCC-1954-luc tumour-bearing mice. (A) Table 

showing EV yield as determined by nanoparticle tracking analysis, and protein 

yield as detected by microBCA assay (B) Correlation between protein yield and 

EV number, showing no significant correlation R2=0.267 and p = 0.3. 

 

Western blot analysis confirmed the presence of the EV-associated 

tetraspanins CD63 (Fig 3.7 (A)) and CD81 (Fig 3.7 (B)) at the appropriate 

band size of 26-30kDa in each case. A band observed at 55kDa in both blots 

was confirmed as non-specific IgG from the secondary antibody by running 

a western blot using only the secondary antibody.  
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Fig 3.7 Western blot analysis of EVs derived from murine serum. Serum of 

animals #150, #160 and #180 (A) CD63 and (B) CD81. Red box indicates the 

correct band size of 25-30kDa. A non-specific IgG second band was observed at 

55kDa. 

 

 

       3.4.6 Serum EV Transmission Electron Microscopy  

 

Transmission electron microscopy confirmed the shape and morphology of 

the EVs. The lipid bilayer was observed at both wide field (Fig 3.8 (A) 

50,000x) and close field view (Fig 3.8 (B) 80,000x).  
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Fig 3.8 Transmission electron microscopy imaging of EVs derived from the serum 

of a HCC-1954 tumour bearing mouse and embedded in resin. (A) 50,000x 

magnification, scale bar 200nm (B) 80,000x magnification, scale bar 100nm 

 

        3.4.7 EV- miR-16 expression levels in the circulation of tumour-bearing 

animals 

MicroRNA-16 (miR-16) expression levels are regularly used as an 

endogenous control for RQ-PCR analysis to normalise data. To determine 

whether this could be applicable for analysis of EV miRNAs, levels of 

expression were analysed in the serum circulating EVs. miR-16 expression 

ranged from 28-37 Ct showing high levels of variability between EV samples 

(Fig 3.9).  

 

(A) (B) 

Scale bar 200nm  Scale bar 100nm  
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Fig 3.9 Expression levels of miR-16 in serum EVs of mice bearing HCC-1954 

tumours (n=22). 

 

The RNA yield for EVs was too low to assess RNA quality by 

spectrophotometer. Therefore, for analysis of the circulating miRNA a 

consistent starting material of 500µl of serum was used for EV isolation and 

5µl of EV-RNA was loaded for RQ-PCR. When the miR-16 expression data 

was correlated to the number of EVs loaded, a mild correlation was observed 

(Pearson R2= 0.475, p = 0.6 Fig 3.10).  

 

 

Fig 3.10 miR-16 expression levels correlated to number of EVs loaded for RQ-

PCR analysis. R2 = 0.4752, p = 0.6 
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It is important to note that data presented is not an inverse correlation, as Ct 

levels decrease this indicates an increase in levels of miRNA expression. 

Therefore, the increasing EV number is in line with the increasing miRNA 

expression, although the sample number is small.  

 

       3.4.8 Relationship between circulating EV number and disease burden  

It is thought that tumour cells secrete higher numbers of EVs into the 

circulation and therefore EV number could potentially be related to disease 

burden. In this study, although a small sample size (n=27), when tumour 

burden measured by BLI was correlated to circulating EV number, a moderate 

correlation was seen (rho=0.386, p=0.047; Fig 3.11).  

 

 

Fig. 3.11 Tumour burden vs circulating EV number. Tumour burden as determined 

by bioluminescent imaging (BLI, relative light units) compared to circulating EV 

number determined using Nanoparticle Tracking Analysis (NTA), (rho=0.386, 

p=0.047). (Moloney and Gilligan et, 2020 Appendix 5). 

 

3.5 Discussion  

This study highlights the need for robust characterisation of circulating EVs 

and the miRNA cargo within. There is immense potential for EV-miRNA to 

be used for disease detection, stratification and to monitor therapeutic 

response and efficacy [176]. However, EV-miRNA analysis will depend on 

isolation methods, and whether the samples have been suitably standardised 

and the data normalised to achieve accurate results. There is a distinct need 

Tumour burden vs circulating EV number  
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for a reliable endogenous control for EV-miRNA, with current controls 

varying widely between studies [90]. 

Firstly, the tumours were confirmed as HER2 amplified, containing rapidly 

proliferating cells. Tumour angiogenesis was evident through CD31 

expression, along with lymphangiogensis as shown by distinct LYVE-1 

expression [175].  

   3.5.1 EV characterisation  

EVs extracted from the serum of mice bearing HCC-1954 tumours were 

characterised by western blot, TEM and NTA. EV characterisation has 

become a major focus in the field since the first published guidelines in 2014 

[92]. EV isolation methods have yet to achieve a pure sEV fraction that does 

not contain co-isolates which are an issue when reporting on EV function. 

The guidelines suggest there needs to be a minimum of western blot, high 

powered imaging and particle tracking analysis to confirm EV presence, all 

of which was performed in this study [92]. These guidelines were further 

updated in 2018 to include more robust reporting and characterisation [90]. 

The new guidelines recommended that further western blot proteins need to 

be employed to confirm the origin of the EV subset for example Alix and 

TSG101 for small EVs (exosomes). High powered imaging must be 

performed at both widefield view to show the representative image of the 

EVs, along with close field to visualise the lipid bilayer of the EVs as shown 

in this study. There is currently no “gold-standard” EV isolation method that 

can guarantee a pure sEV fraction. Therefore, other techniques can be used to 

reduce co-isolates including sucrose gradient, size exclusion or anion 

exchange chromatography [177].  

 3.5.2 No relationship between protein yield and EV number 

Protein yield was originally used as a surrogate to quantify EV number.  Many 

studies used protein yield to determine the amount of EVs injected into an 

animal for In Vivo studies [137] [114] [133] [178] [179] [123]. In this study 

protein yield was determined on all samples showing large variation ranging 

from 181.2 – 1914.5ng/µl. However, no correlation was seen when protein 

estimation was compared to the NTA results (R2 = 0.267; p = 0.3). Although 

a small samples size for correlation, this shows the amount of protein present 
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does not represent the EV number in the sample. This was further supported 

by a larger study carried out by this group in n=111 serum EVs from breast 

cancer patients and healthy controls, to which I contributed. A large range in 

yield was observed (70.6-1023.3ng/µL). Similar to this study no correlation 

was observed when total protein yield was compared to EV number [173].  

EVs contain a vast amount of protein that can vary depending on cell source 

and disease status [180]. Therefore, protein should not be used to standardise 

the amount of EVs administered for In Vivo therapeutic studies. Many studies 

to date still use protein as a standardisation method especially when 

administering EVs In Vivo [181] [182] [183] [184] [185]. The data presented 

here shows that results may be unreliable and not reproducible as when 

administering equivalent amounts of EVs based on protein yield, this may be 

giving varying doses to each group and this may impact the results seen.  

 3.5.3 Isolation and normalisation challenges for EV-miRNA analysis 

Due to lack of standardisation and normalisation for EV-miRNA experiments 

this study implemented consistent volumes of starting (serum) and loading 

(RNA) materials to aid in more reproducible and reliable results. The starting 

volume of serum for EV isolation was consistently 500µl, along with 5µl of 

extracted RNA loaded for RQ-PCR analysis. Preclinical models have been 

used to investigated EV-miRNA for the detection of cancer [186] [187]. 

Munagala et al, [186] investigated serum EV-miRNA in lung cancer 

metastasis. In Vivo models of primary tumours, recurrent tumours and 

healthy controls were analysed. The study pooled the serum of five animals 

before isolating EVs using the commercial kit ExoQuick™. Using miRNA 

microarray two miRNA, miR-21 and miR-155 were discovered as elevated in 

the circulating EVs of the recurrent tumour group compared to the primary 

tumour group. Interestingly it was found that miR-21 and miR-155 were also 

up-regulated in the recurrent tumours when compared to the primary tumours. 

These results suggest that the serum EV-miRNA signature was reflective of 

the tumour profile, therefore showing the potential to monitor disease 

progression. There were some issues with the study, as it failed to state how 

many samples were used for analysis and did not state the number of non-

tumour bearing animals used although regularly comparing to tumour 
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bearing. Given the isolation method employed, it is likely that there would be 

co-isolates or contaminating miRNAs from different sources present meaning 

it may not be measuring only EV miRNA. The microarray results were also 

not further validated by RQ-PCR analysis [186]. Another study investigated 

EV-miRNA in breast cancer this time in the plasma [187]. The study first 

investigated the secreted EV-miRNA profile of breast cancer cell lines by 

NGS – MCF7 and MDA-MB-231 along with the non-tumorigenic breast 

epithelial cell line MCF10A (control). The most highly secreted EV-miRNA 

were found to differ between the cell lines, indicating specific profiles of each 

of the cell lines, suggesting that signature could be used to identify the cancer 

subtype. NGS identified miR-1246, miR-122 and miR-451 as highly 

expressed EV-miRNA secreted by the breast cancer cells when compared to 

the MCF10A cell line. This was brought forward to an In Vivo study using a 

PDX model of all breast cancer subtypes, revealing that circulating miR-1246 

levels were increased compared to non-tumour bearing animals. A synthetic 

Caenorhabditis elegans miR-54 (cel-miR-54) RNA oligonucleotide was used 

as a spike-in control. It is noteworthy that human CD63 was used to 

characterise the EVs through-out by western blot and electron microscopy 

immunogold labelled with CD63. CD63 is an EV-associated protein but is 

expressed on other non-EV sources or may not be expressed on EVs at all 

[103]. Another aspect to note is that the study used differential centrifugation, 

filtration and ultracentrifugation to isolate the In Vitro EVs, but employed the 

Exoquick kit for plasma EV isolation. The study did not state why the method 

was changed between experiments. However, the main issue was that there 

were only three non-tumour bearing animals used for comparison, that were 

also of a different strain to the tumour bearing animals. Ideally a non-tumour 

bearing animal of the same strain would be used. As the antibody employed 

was human it is logical that there would be low levels of detection in the 

serum of non-tumour bearing animals [187]. Another study has shown that 

levels of circulating serum EV-miRNAs differ among breast cancer subtypes 

[188]. Microarray analysis showed that levels of EV-miR-101, -miR-372 and 

-miR-373 were increased in patients with TNBC (n=12) vs luminal (n=29). 

However, the study used a commercial kit to isolate the EVs and did not 
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validate these finds by RQ-PCR. EVs were only characterised by western blot 

targeting CD63. As kits are known to co-isolate non-EV fractions further 

characterisation would need to be performed to validate results [188]. Zhou 

et al [189] analysed EV-miR in 38 stage II and stage III breast cancer patients 

and found a strong correlation between tumour miR-105 and circulating EV-

miR-105. Increased levels of EV-miR-105 were also associated with 

metastatic progression In Vivo following IV administration of EV-miR-105. 

However, EVs were only characterised by EM with protein yield used to 

determine EV concertation with no direct quantification or western blot 

analysis performed. As shown in the current study there is no correlation 

between protein yield and EV number therefore the outcomes observed may 

be a result of inconsistent EV doses [189]. These studies show that transparent 

reporting of methods such as study numbers, NTA, EV isolation and 

characterisation, are vital for reproducible results that could then be validated 

by other groups. However, the studies do demonstrate the promising potential 

of EV-miRNAs for cancer detection and progression.  

 3.5.4 Lack of a stable endogenous control for EV-miRNA analysis  

MiR-16 is regularly used as an endogenous control particularly in cancer-

related biomarker studies. However, variability in miR-16 among breast 

cancer patients has been shown, and the miRNA is still being debated for its 

use as an endogenous control [170]. MiR-16 has been found to be stable in 

tissue samples when investigated in benign, malignant and normal breast 

tissue [190]. However, in breast cancer patients that received chemotherapy, 

increased miR-16 levels have been found in the plasma when compared to 

healthy controls. Levels of the circulating miRNA were also different 

between lymph node negative and positive patients [191]. MiR-16 levels have 

been found to vary depending on starting material for example in serum EVs 

miR-16 expression was increased when compared to the whole serum 

fraction, although this elevation was consistent among healthy controls and 

breast cancer patients [188]. In plasma EV-miR-16 was reported to be 

increased in patients with invasive breast cancer (n=111), and DCIS (n=42) 

compared to healthy controls (n=39). The miRNA was also found to be 

associated with ER and PR receptor status with ER+ patients (n=81) having 
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enriched miR-16 in the EV fraction compared with ER- (n=28) [192]. Despite 

this, free miR-16 and EV-miR-16 is still employed as an endogenous control 

investigating miRNA dysregulation in cancer. In this study expression of 

miR-16 was detected in all 22 EV samples analysed with broad variation in 

levels seen. This variation suggests that miR-16 would not make a reliable 

endogenous control. However, when the results were correlated to the number 

of EVs loaded there was a moderate correlation between miR-16 expression 

and EV number. These results suggest that with standardising EV loading by 

NTA, miR-16 should not be ruled out as an endogenous control for miRNA 

analysis. Ideally EV-miRNAs could be standardised based on absolute 

quantification not performed in this study, or spike in controls placed in each 

sample before RNA extraction. Moloney et al [173] used absolute 

quantification to determine the copies of miR-451a and expressed it relative 

to the number of EVs in the circulation of breast cancer patients and healthy 

controls. This method used a standard curve generated by known 

concentration of synthetic miR-451a and determines copy number using 

Avogardo’s constant. The study does not suggest that miRNA in EVs are 

evenly dispersed however and does note that it may be impacted by other 

factors including co-morbidities, host immune response and tumour burden 

[173]. 

 3.5.5 Relationship between tumour burden and increasing circulating          

EV levels  

It has been suggested that patients with cancer have higher levels of 

circulating EVs when compared to healthy individuals [193] [194] [195]. 

When compared to the number of EVs in the circulation of the animals it was 

discovered that there was a moderate correlation between circulating serum 

EV number and tumour burden. In this study, although a small sample size 

(n=27), there was an increase in EV number as the tumour burden increased. 

If the tumours are releasing more EVs into the circulation this could 

potentially help detect the presence of cancer but also could be used to 

monitor response to therapy. It is critical to note that EVs are released from a 

variety of sources and represent the host as much as the cancer [173].  
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 3.5.6 Summary  

Together with the studies described here, this study shows the importance of 

EV characterisation by western blot, NTA and TEM which is incredibly vital 

in reporting on EV research.  There is a clear need to identify a stable, robust 

endogenous control for the normalisation of EV-miRNA data but the 

characteristics and challenges of EVs must be taken into account [196]. 

Identification methods have been used such as Taqman Low Density Arrays 

(TLDAs) to profile miRNAs or spiked in an exogenous miRNA from 

Caenorhabditis elegans as previously mentioned [196]. There is vast variation 

in miRNA endogenous controls employed between different diseases. 

Therefore, identification of a robust endogenous control before beginning a 

study is vital rather than basing it on literature [196]. A stable and reliable 

endogenous control will help to normalise expression levels of circulating 

EV-miRNA which is crucial for true reproducible results. Studies need to be 

more transparent on reporting details of methods to reduce inter-study 

inaccuracy [173] [90]. Protein yield cannot be used as a surrogate measure 

for EV number as there is no correlation between yield and quantity. This 

needs to be noted particularly in studies using protein as a measurement of 

EV number to standardise/normalise data. EV-miRNA hold strong potential 

in cancer detection and monitoring therapeutic response. Standardisation of 

methods, consistent characterisation and transparent reporting will benefit 

this promising field of research. 
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4.1 Introduction  

MicroRNA-379 has been extensively investigated by our group as a tumour 

suppressor in breast cancer [57] [58]. Expression levels of miR-379 were 

found to be significantly decreased in breast cancer tissue when compared to 

healthy controls. Interestingly, when the tumour tissue was subdivided by 

stage, miR-379 was found to be further decreased with increasing tumour 

stage [57]. Following on from this it was discovered that miR-379 levels in 

primary tumours further decreased in matching lymph node metastases. When 

luminal A (T47D) and HER2-amplified (HCC-1954) breast cancer cell lines 

were forced to express miR-379 there was significantly reduced tumour 

formation and tumour necrosis respectively, observed In Vivo. MiR-379 has 

a predicted binding site on both COX-2 and Cyclin B1, of which increased 

levels are associated with poor prognosis in breast cancer patients. In Vivo 

both protein and mRNA levels of COX-2 and Cyclin B1 were found to be 

significantly reduced in the presence of elevated miR-379 [58]. Given the 

potent tumour suppressor capacity of miR-379 demonstrated, the focus then 

moved to an appropriate mechanism of tumour-targeted delivery, including 

MSCs.   

MSCs have a unique ability to home to the site of wounds and tumours when 

administered into the circulation, and possess the ability to bypass immune 

barriers [68] [76]. There are concerns regarding safety issues relating to MSC 

administration due to the potential ability to transform resulting in tumour 

formation. MSCs can mask the tumour from immune detection and secrete 

chemokines and growth factors that could aid in tumour progression [79] [80]. 

EVs are thought to be a fingerprint of the secretory cell and therefore may 

hold the same characteristics of the cell of origin [143]. EVs have been 

engineered to carry a range of therapeutics including miRNAs for many 

diseases [101]. In recent years EVs (both wild type and engineered) have been 

employed in preclinical models as a means of therapy for cancer [101]. In 

cancer models employing EVs, most studies have used immune compromised 

models and failed to investigate the immune response to the administered EVs 

[140] [141] [142]. Despite EVs being extensively investigated in diseases of 

the immune system, little is known about EV interaction with the host 

immune system [139].  If the cell initiates an immune response it is likely that 
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secreted EVs, given that EVs are thought to represent cell source, would 

induce similar responses [143]. One study to date has investigated the effect 

of human EV administration in immunocompetent healthy animals [140]. 

Human embryonic kidney cell (HEK293T) secreted wild type (WT) EVs or 

engineered EVs (miR-199a-3p) were administered either IV or IP three times 

weekly over a 22-day period with animals sacrificed on day 23. Spleen cell 

immune phenotyping was performed targeting CD11b, CD11c, CD19, CD3+, 

CD4+, CD8+ with no significant changes observed [140]. Overall this study 

showed the safe administration of HEK293T wild type and engineered EVs 

in immunocompetent healthy animals. EV immunogenicity most likely 

depends on several factors including the model being used, EV source and 

EV composition [140] [141] [142]. 

Our group has previously investigated the ability of MSC-EVs as tumour 

targeting delivery vehicles in an immune compromised model of breast 

cancer [58]. Given the promising results of that work it is important to 

determine whether there will be an immune response to MSC-EVs to support 

translation into the clinical setting.  

 

4.2 Aims  

• To successfully transduce both human and murine MSCs and 

secreted EVs to express elevated miR-379.  

• To investigate the host immune response to the administration of 

human or murine MSC-derived EVs. 

 

4.3 Summary Methods [Described in detail in Chapter 2] 

 

       4.3.1 MSC miR-379 transduction  

MSCs were isloated from the bone marrow of the iliac crest of human donors. 

Isolated MSCs were characterised and supplied by collaborators in the 

Regenerative Medicine Institute  (REMEDI) at NUI Galway. Murine MSCs 

were isolated from the bone marrow of Balb/c mice. MSCs were characterised 

and supplied by collaborator Dr. Aideen Ryan. MSCs were cultured and 

successfully transduced to express miR-379 using a Lentiviral vector.   
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       4.3.2 EV isolation and characterisation 

4T1 breast cancer cells, murine MSCs and human MSCs were cultured in EV 

depleted media for 48hrs, and EVs isolated from the cell conditioned media 

through a series of differential centrifugations, microfiltration and 

ultracentrifugation. Murine and human MSC EVs were stored in PBS at -

80°C until required for application In Vivo. EVs were characterised by NTA 

to determine concentration and size range. Western blot was performed 

targeting the EV associated proteins CD63 and CD81. Finally, EVs were 

visualised by TEM to show the correct shape, morphology and lipid bilayer. 

RNA was extracted from both cell lines and secreted EVs followed by NGS 

or analysis of miR-379 expression by RQ-PCR. 

 

       4.3.4 Next Generation Sequencing (NGS)  

Two passages of 4T1 cells and corresponding secreted EVs were sent for Next 

Generation Sequencing (NGS) of microRNAs by Qiagen (Germany). The 

RNA quality was confirmed, and library preparation was completed. NGS 

was then performed targeting short sequences of 18-22nt in length (miRNA 

size range) in both the cells and the secreted EVs.  

 

       4.3.5 4T1 immune competent In Vivo model  

Female Balb/c mice received 4th inguinal mammary fat pad injections of 1 x 

105 4T1 cells and tumours were allowed to form (n=12). Once palpable, 

tumour bearing animals received an IV injection of 1x 108 human EVs (n=3) 

or murine EVs (n=3), with n=6 tumour bearing receiving no EV dose. 

Similarly tumour free animals (n=8) received 1x 108 human EVs (n=3) or 

murine EVs (n=3), with n=2 healthy animals receiving no EV dose. Three 

days later animals were sacrified by cardiac puncture as end of study time 

point. Tumours, lymph nodes and spleens were harvested, digested and flow 

cytometry analysis performed. Tumour tissue from selected EV therapy-free 

controls (n=6) and mammary fat pad from non-tumour bearing controls (n=2) 

were preserved in 4% PFA for H & E and IHC analysis targeting  HER2, 

CD31, LYVE-1, Ki67 and COX2. All immune analysis was performed in 

collaboration with Dr Aideen Ryan and Dr Oliver Treacy who provided 

extensive support and input on experimental design and data analysis.   
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4.4 Results  

       4.4.1 EV Characterisation 

EVs were successfully isolated from all 4T1, human MSC and murine MSC 

cell conditioned media and characterised by NTA, Western Blot and TEM. 

NTA results showed particle sizes below 200nm. Clear peaks were seen 

between the 30-150nm size showing sEVs for most samples across all five 

replicates (Fig 4.1 I (A)). The average of five readings is shown in the black 

line of Fig 4.1 I (B) with the range of the readings shown in the red shading. 

Western blot analysis revealed the presence of CD81 (26-30kDa, Fig 4.1 II 

(A)) and CD63 (25-30kDa, Fig 4.1 II (B)). EVs were embedded in resin and 

visualised under a transmission electron microscope. Widefield view showed 

a large number of EVs of the correct size and shape (4.1 III (A)). Closefield 

view showed the characteistic lipid bilayer (4.1 III (B)).  
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Fig 4.1 Example of routine characterisation of EVs derived from 4T1murine breast 

cancer CM. (I) NTA results showing (A) five replicate readings between 30-150nm 

(sEVs) (B) the mean and range of the EV replicates. (II) Western blot analysis 

targeting EV associated proteins (A) CD81 (26-30kDa, red box) and (B) CD63 

(25-30kDa, red box), (III) EVs visualised by TEM (A) 50,000X, scale bar 200nm 

(B) 120,000X, scale bar 100nm, arrow indicating the distinct lipid bilayer.  

 

 

       4.4.2 MicroRNA next generation sequencing  

Two passages of 4T1 cells and corresponding secreted EVs were sent for next 

generation miRNA sequencing performed by Qiagen (Germany). NGS 

targeted short sequences of 18-22nts in length. In the experiments tag per 

million (TPM) units were used to measure expression. TPM was used to 

determine the number of reads for a miRNA divided by the total number of 

(II) 

(III) 

CD81 CD63 

(A) 
(I) 

(B) 

4T1        4T1  4T1        4T1       4T1  

Scale bar 200nm  Scale bar 100nm  
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mapped reads and multiplied by 1 million. 242 annotated miRNAs were 

recorded to have a TPM threshold of >1 TPM, with 140 miRNAs recorded as 

>10TPM in all samples analysed. Of these identified miRNAs the top 50 

highly expressed were displayed in a heatmap (Fig 4.2).  

 

Fig 4.2 NGS miRNA heatmap. The results of a two-way hierarchical clustering of 

genes and samples, including the top 50 highly expressed miRNA. Each row 

represents the relative expression levels of a transcript across all samples. The 

colour scale is shown as red representing expression level above the mean and 

green representing expression level below the mean. Data was normalised using the 

trimmed mean of M-values method (TMM) and converted to a log2 scale. 

RNA4T1A: cell RNA passage 1, EV4T1A: secreted EVs from passage 1 cells. 

RNA4T1B: cell RNA passage 2, EV4T1B: secreted EVs from passage 2 cells. 

 

The heatmap showed only minor variance in the miRNA content of both cells 

and secreted EVs between two passages (Fig 4.2). Robust miRNA expression 

was seen across all samples, with many miRNA present in the EVs that were 

absent (or below the limit of detection) in the cells. Analysis of the cell 

miRNA content was compared to the secreted EV counterparts. 72 miRNAs 

were found at higher levels in the EVs when compared to the secreting cell, 
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whereas 95 miRNAs were found to be increased in the cells compared to the 

secreted EVs. Of the 72 miRNAs that were at higher levels in the EVs, the 

top 10 miRNA with higher and lower expression in the EVs are shown in 

Table 4.1.  

Table 4.1 MicroRNA expression in EVs when compared to the 4T1 cells 

 

miRNA with higher expression in EVs 

vs cells 

miRNA with lower expression in EVs 

vs cells 

 MicroRNA Fold change  MicroRNA  Fold change 

1 miR-122-5p 10.77 miR-99a5p 1.16 

2 miR-365-2-5p 6.96 miR-148a-3p 0.84 

3 miR-184-3p 13.07 miR-125a-5p 0.57 

4 miR-193b-5p 6.06 miR-144-5p 6.97 

5 miR-365-1-5p 7.93 miR-149-3p 6.97 

6 miR-3473b 5.87 miR-5119 6.60 

7 miR-3473e 9.51 miR-146a-5p 0.70 

8 miR-143-3p 5.79 miR-126a-5p 1.08 

9 miR-142-3p 8.27 miR-5128 3.41 

10 miR-25-5p 3.36 miR-let7c-5p 0.52 

 

The top 4 most highly expressed EV-miRNA (miR-122-5p, miR-365-2-5p, 

miR-184-3p and miR-193b-5p) were further analysed in the circulation of 

animals bearing 4T1 tumours by RQ-PCR, with results detailed in section 

4.4.4. The lowest expression EV-miRNA compared with the cell miRNA will 

be analysed as part of a future study.  

Interestingly, NGS also identified 11 predicted miRNAs that were sorted by 

unique molecular indices. These predicted miRNAs were corrected for double 

sequences but not normalised. These sequences did not match any known 

miRNA in miRbase. However, the structural properties of the genome in the 

indicated locations resembled that of miRNA. These predicted miRNAs are 

currently being investigated in our laboratory as potential novel miRNAs.  
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       4.4.3 Characterisation of 4T1 tumours  

Normal tumour-free mammary fat pad (MFP) of a Balb/c mouse was 

embedded and stained by H & E. MFP was predominately fat with ductal 

structures containing a layer of luminal epithelial cells surrounded by a 

myoepithelial layer (4.3 A, B). H & E staining of the 4T1 tumours showed 

tightly packed tumour cells (Fig 4.3 C, D). HER2 staining was performed to 

confirm the negative status of the 4T1 tumour, with a distinct absence of the 

HER2 membrane targeted protein (Fig 4.3 (E &F)). A section of HCC-1954 

tumour was used as a positive control for HER2 and robust membrane 

expression can be seen in these tumours (Fig 4.3 (G &H)). 
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Fig 4.3 4T1 tumour characterisation. (A)10X H&E normal MFP (B) 20X. (C) 10X 

H&E 4T1 tumour (D) 20X. (E) 10X HER2 amplification staining 4T1 tumour (F) 

20X. (G) 10X HER2 amplification staining of HCC-1954 tumour 10X and (H) 

20X.  

 

 

The tumours were further characterised for expression of proteins associated 

with angiogenesis, proliferation and metastasis. Tumours were stained for 

10X                                                20X 
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CD31, LYVE-1, Ki67, and COX-2 to confirm the vascularity and 

proliferation rate of the 4T1 tumours. CD31 is a marker of neo-angiogenesis 

and expression levels indicate angiogenic activity in breast cancer tumours 

[175]. Positive expression indicating endothelial cells lining blood vessels in 

the tumours can be seen in Fig 4.4 (A, B). LYVE-1 aids in the transport of 

lymphatic fluid and is involved in cell adhesion and migration [175]. 

Therefore LYVE-1 is used as a marker of lymphangiogensis in breast cancer 

patients. Expression of the protein can be seen around the blood vessels of the 

tumour (Fig 4.4 D, E). Ki67, which identifies how rapidly the tumour is 

proliferating, showed strong nuclear expression of the protein throughout the 

tumour in Fig 4.4 (G, H). COX-2 levels have been found to be increased in 

breast cancer tissue and associated with a poor prognosis. Strong expression 

of COX-2 has been shown previously in the HCC-1954 model [58], therefore 

COX-2 was included to confirm expression in the 4T1 tumours. In future 

studies expression levels of COX-2 will be assessed after EV-miR-379 

administration. Strong nuclear staining of the protein can be seen dispersed 

throughout the tumour in Fig 4.4 (J, K). Finally, on all IHC runs a negative 

antibody-free control was in place, to allow for specificity of the antibody to 

be confirmed. Mild non-specific staining can be seen in the periphery of the 

tumours in Fig 4.4 (C, F, I, L). These results together show a rapidly 

proliferating tumour with neo-angiogenesis and vessel enlargement to 

facilitate tumour growth and progression.  
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Fig 4.4 IHC staining of 4T1 tumours. (A) CD31 10X, (B) CD31 20X, (C) CD31 

antibody free control. (D) LYVE-1 10X, (E) LYVE-1 20X, (F) LYVE-1 antibody 

free control. (G) Ki67 10X, (H) Ki67 20X, (I) Ki67 antibody free control (J) COX2 

10X, (K) COX2 20X, (L) COX2 antibody free control.  

 

       4.4.4 RQ-PCR analysis of EV-miRNA in the circulation of animals 

bearing 4T1 breast tumours.  

Blood was collected from all animals by terminal bleed. Roughly 1ml of 

whole blood was obtained from each animal and the serum extracted. The 

minimum starting volume for EV isolation was 500µl therefore any volume 

below this was not included. 9 of 20 animals yielded the required starting 

volume of 500µl. EVs were successfully isolated and characterised from these 

samples. RNA was extracted from the serum EVs. RQ-PCR confirmed the 
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presence of miR-16 in the EVs, although at varying levels (range: 30-37ct, 

Fig 4.5).  

 

Fig 4.5 miR-16 expression levels in the circulating serum EVs of 4T1 tumour 

bearing animals. 

 

The top four miRNAs identified by NGS in 4T1 cell-secreted EVs were 

targeted, with miR-365-2-5p, miR-184-3p and miR-193b-5p all undetected in 

the serum EVs.  When miR-122 was targeted, expression was seen at late 

levels in two samples, but late expression meant triplicates could not be 

accurately achieved. In one of the nine samples (animal #117) miR-122 

expression was detected at 35Ct with successful triplicate readouts achieved.   

 

       4.4.5 Confirmation of microRNA-379 transduction  

Human and murine MSCs were successfully transduced to express miR-379 

or a non-targeting control (a scramble sequence). The lentiviral construct 

contained a red flourescent protein tag to allow the cells to be visualised when 

sucessfully transduced and selected out using puromycin (Fig 4.6). 
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Fig 4.6 MSCs transduced with a RFP -miR-379 lentivirus. Cells (passage 3) were 

transduced by centrifugation at 1000 x g with the miR-379/NTC lentivirus at an 

MOI of 2 for 90mins at 37°C. Cells imaged after full 14 days puromycin selection  

(A) Human MSCs (B) Murine MSCs.  

 

EVs were successfully isolated from both human and murine MSC-379 and 

MSC-NTC cells. RNA was extracted from the cells and the secreted EVs. 

Expression of miR-379 in the secreted EVs was confirmed by RQ-PCR, n=1 

due to low amount of EV sample with remaining EVs required for 

administration In Vivo. A 33 fold increase of miR-379 was observed in the 

murine MSCs when compared to the NTC cells with a 3.2 fold increase in the 

secreted EVs (Fig 4.7 (A)). A 4.2 fold increase was observed in the human 

MSCs when compared to the NTC cells, with a 2.8 fold increase seen in the 

secreted EVs (Fig 4.7 (B)).  
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Fig 4.7 Analysis of miR-379 expression in MSCs and secreted EVs. (A) Murine 

MSCs (passage 6) and secreted EVs (B) Human MSCs (passage 6) and secreted 

EVs (n=1). RQ-PCR Log10 expression levels of miR-379 in cells transduced with 

miR-379 lentivirus and non-targeting control.  

 

       4.4.6 Host immune activation assessed by flow cytometry analysis.  

Flow cytometry analysis was performed targeting a range of markers split 

into two panels based on spectral crossover. Negative controls stained for the 

antibodies alone minus the fluorescent tags was used to distinguish between 

cell populations with the same fluorochromes (Table 4.2). Compensation was 

performed to prevent spectral overlap.  
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Table 4.2 Flow cytometry panels designed to avoid spectral overlap.  

Panel 1 

Antibodies 

Target cell Panel 2 

Antibodies 

Target cell 

CD4-APC T-cell CD11b-FITC Monocytes/macrophage 

CD8-APC  T-cell CD11c-FITC Dendritic cells 

CD25-PE Activation 

of T-cell 

MHC-I-APC-

Cy7 

Activated macrophages 

Granzyme B-

Alexa Flour647 

Activation 

of T-cell 

MHC-II-APC Activated macrophages 

GR-1-PerCP-

Cy5 

MDSCs CD86-BV421 Activation of 

macrophages 

Ly-6c-PE-Cy7 MDSCs CD27-BV510 NK cells  

CD19-BV510 B cells CD206-PerCP-

Cy5 

Activation of 

macrophages 

 

Spleen single cell suspensions were first gated for lymphocytes, single cells 

(Fig 4.8 (A)) and then live cells (Fig 4.8 (B)). From the live cells, gates were 

set based off FMOs and percentage of cells positive for each target. MDSCs 

were identified successfully by GR-1+ and Ly-6C+ (Fig 4.8 (C)). T helper and 

cytotoxic cells were identified by CD4+ and CD8+ (Fig 4.8 (D)). Further 

subsets of CD25+ populations indicated activation of T cells. Granzyme B 

which identifies activation of cytotoxic T cells was undetected (Fig 4.8). 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4: Investigating the host immune response to MSC-derived EVs 

 

112 

 

 

 
Fig 4.8 An example of cell gating strategy of spleen T cells and B cells. Cells were 

first gated for lymphocytes followed by (A) single cells (B) live cells (C) MDSC 

cells (D) T cells with subset activation markers. 

 

Spleen single cell suspensions were also gated for leukocytes, single cells (Fig 

4.9 (A)) and then live cells (Fig 4.9 (B)). From the live cells, gates were set 

based off FMOs and percentage of cells positive for each target was 

calculated. Dendritic cells were positively identified by CD11c+ (Fig 4.9 (C)) 

and subset markers MHCI/II and CD86+. A population of cells were 

successfully sorted by CD27+ indicating natural killer cells. Monocyte and 

macrophages were sorted by cells positive for CD11b+, CD206+ and subset 

populations MHCI/II and CD86+ (Fig 4.9 (D)).  
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Fig 4.9 An examples of cell gating strategy of spleen macrophages, monocytes and 

natural killer cells. Cells were first gated for leukocytes followed by (A) single 

cells (B) live cells (C) dendritic cells (D) macrophages and natural killer cells with 

subset activation markers. 

 

When the spleens of the tumour bearing animals were compared to the healthy 

controls, there were several significant changes in immune cell populations 

observed (Table 4.3). Both T helper cells and cytotoxic T cells have been 

shown to be activated in the first two weeks after tumour induction [197]. In 

this study both were significantly activated as indicated by CD4+ and CD8+ 

levels (Table 4.3 p < 0.05). 4T1 tumours interact with the host immune system 

to mask the tumours from being detected. The tumours do so by increasing 

levels of MDSCs (Table 4.3, p = 0.00) which in turn hinder T cell activation, 

particularly shown in the third week after tumour induction [197]. GR-1+, 

CD11b+ and CD11c+ were also significantly increased in the tumour bearing 

animals indicating MDSCs. Levels of CD27+ NK cells which play a role in 

tumour detection and rejection were significantly decreased in the tumour 
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bearing animals compared to the non-tumour bearing control mice (50% vs 

57%, p=0.00, Table 4.3).
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Table 4.3 Percentage of immune markers activated in spleen of 4T1 tumour bearing animals compared to non-tumour bearing healthy controls 
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The spleens of animals that received EVs derived from either human or 

murine MSCs were also analysed. No significant changes in activation of any 

immune cells were seen in animals that received murine compared to human 

EVs (Table 4.4). T cells (both helper and cytotoxic) were activated at similar 

levels, showing no significant change in CD4+ (27% vs 27%, p = 0.98), or 

CD8+ (12.2% vs 11.4%, p = 0.17) populations. MDSCs were also activated 

at similar levels with no changes seen between groups as indicated by GR-1+ 

(12.7% vs 12%, p = 0.64) and Ly-6C+ (70.8% vs 74.2%, p = 0.43) levels. 

Macrophages, monocytes and dendritic cells remaining stably activated 

regardless of human or murine EV administration as seen by CD11b+, 

CD11c+ and CD206+ levels (Table 4.4).   
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Table 4.4 Percentage of immune markers activated in the spleen of 4T1 tumour bearing mice or healthy controls 

 



Chapter 4: Investigating the host immune response to MSC-derived EVs 

 

118 

 

Tumour single cell suspensions were first gated for lymphocytes, then single 

cells (Fig 4.10 (A)) and then live cells (Fig 4.10 (B)). From the live cells, 

gates were set based off FMOs and percentage of cells positive for each target. 

Successful gating of MDSC cells can be seen by positive targeting of GR-1 

and Ly-6C markers (Fig 4.10 (C)). T- helper cells and cytotoxic T cells were 

also sorted as identified by positive selection of CD4+ and CD8+ (Fig 4.10 

(D)). Subsets of these markers including CD25+ and granzyme B indicated 

activation. Granzyme B, similar to the outcome of spleen analysis, remained 

undetected (Fig 4.10).  

 

 
Fig 4.10 An example of cell gating strategy of tumour T cells and B cells. Cells 

were first gated for lymphocytes followed by (A) single cells (B) live cells (C) 

MDSC cells (D) T cells with subset activation markers.  
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Tumour single cell suspensions were also gated for monocytes, single cells 

(Fig 4.11 (A)) and then live cells (Fig 4.11 (B)). From the live cells, gates 

were set based off FMOs and percentage of cells positive for each target. 

Dendritic cells were sorted by positive targeting of CD11c+ (Fig 4.11 (C)) 

along with the subset markers indicating further activation including MHCI/II 

and CD86+. Gating of monocytes, macrophages and natural killer cells was 

achieved through targeting CD11b+, CD206+ and subsets MHCI/II and 

CD27+ (Fig 4.11 (D)). 

Fig 4.11 An example of cell gating strategy of tumour macrophages, monocytes 

and natural killer cells. Cells were first gated for monocytes followed by (A) single 

cells, (B) live cells (C) dendritic cells (D) macrophages and natural killer cells with 

subset activation markers. 

 

The tumour was targeted for markers to detect an infiltrating host immune 

response to the administered EVs. No significant activation of T helper or 

cytotoxic T cells was seen in the either the animals that received murine MSC-

EVs or human MSC-EVs. This was indicated by similar activation of CD4+ 

(15.2% vs 18.6%, p = 0.44) and CD8+ (21.3% vs 28.6%, p = 0.18, Table 4.5) 

populations. Dendritic cell activation was similar between both groups 
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regardless of EV origin, with CD11c+ showing no significant change (45.3% 

vs 39.2%, p = 0.69). Monocytes and macrophages were not activated in 

response to EV administration and levels of CD11b+ (50.4% vs 46.8%, p = 

0.84) plus subset indicating activation MHCI/II (93.1% vs 93.3%, p = 0.87) 

and CD86+ (18.6% vs 17%, p = 0.82) remained stable with no change seen in 

either group (Table 4.5).  
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Table 4.5 Percentage of immune markers activated in cell suspension of a 4T1 tumour following IV administration of either human or murine 

MSC-derived EVs 
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Lymph node single cell suspensions were first gated for lymphocytes, single 

cells (Fig 4.12 (A)) and then live cells (Fig 4.12 (B)). From the live cells, 

gates were set based off FMOs and percentage of cells positive for each target 

was calculated. MDSCs were successfully sorted by GR-1 and LY-6C (Fig 

4.12 (C)). T helper cells and cytotoxic T cells were sorted successfully by 

CD4+ and CD8+ (Fig 4.12 (D)), along with further activated subsets 

expressing CD25+ and granzyme B. Granzyme B, an indicator for cytotoxic 

T cell activation, was not detected on any cells (Fig 4.12).  

 

 
Fig 4.12 An example of cell gating strategy of lymph node T cells and B cells. 

Cells were first gated for lymphocytes followed by (A) single cells (B) live cells 

(C) MDSC cells (D) T cells with subset activation markers.  

  

 

Lymph node single cell suspensions were first gated for leukocytes, single 

cells (Fig 4.13 (A)) and then live cells (Fig 4.13 (B)). From the live cells, 

gates were set based off FMOs and percentage of cells positive for each target 
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was calculated. Dendritic cells can be seen by positive targeting of CD11c+ 

(Fig 4.13 (C)) along with the subset markers indicating further activation 

including MHCI/II and CD86+. Monocytes, macrophages and natural killer 

cells were identified by CD11b+, CD206+ subsets MHCI/II and CD27+ (Fig 

4.13 (D)).  

 

 
Fig 4.13 An examples of cell gating strategy of lymph node macrophages, 

monocytes and natural killer cells. Cells were first gated for leukocytes followed 

by (A) single cells, (B) live cells (C) dendritic cells (D) macrophages and natural 

killer cells with subset activation markers. 

 

When the lymph nodes of animals receiving murine EVs were compared to 

the animals receiving human EVs, no significant changes in activation of any 

immune cell populations were seen between the two groups (Table 4.6). This 

was indicated by no significant activation of T helper or cytotoxic T cells, as 

CD4+ (54.3% vs 51.1%, p = 0.68) and CD8+ (19% vs 17.8%, p = 0.58) levels 

were consistent between the two groups. There was no significant activation 

of MDSCs as GR-1+ (4.8% vs 2%, p = 0.49) and Ly-6C+ (92.5% vs 96.6%, p 

= 0.31) showed similar activation regardless of EV origin. Finally, 

macrophage, monocyte and dendritic cell levels were also activated at similar 
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levels as seen by CD11b+, CD11c+ (7.4% vs 2.9%, p = 0.49) and subset 

markers MHCI/II and CD86+. EVs remained undetected by NK cells as levels 

of CD27+ remained stable (Table 4.6).  

As murine EVs were expressing miR-379 this also indicates that the miRNA 

was undetected by the host immune system, in the tumour, LN or spleen. 

These results therefore indicted that no significant activation of the host 

immune response was seen regarding human/murine EV or miR-379 

administration.  
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Table 4.6 Percentage of immune markers activated in cell suspension of a LN following IV administration of either human or murine MSC-

derived EVs. 
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4.5 Discussion  

In the EV field there is a distinct lack of research focusing on the host immune 

response to EV administration, knowledge of which will be critical to clinical 

translation [198]. This study investigated the impact of administration of both 

murine and human MSC-EVs on the host immune system.  

 4.5.1 4T1 cell and secreted EV NGS miRNA analysis  

The 4T1 triple negative breast cancer model presents a useful system to 

analyse immune response to EV administration as it is very well characterised 

[199]. Next generation sequencing of 4T1 murine breast cancer cells and their 

secreted EVs revealed 382 annotated miRNAs between both cells and EVs. 

The heatmap analysis showed only minor variance in miRNA content 

between two separate passages. This suggests the majority of miRNA content 

of cells and secreted EVs remains similar across passages. Therefore, the cells 

injected into the immune competent models may contain a similar miRNA 

profile and release similar EV content into the circulation of the animal. It 

must be noted however that this may change with age from long term growth 

In Vivo, with variation in growth conditions for example 2D versus 3D. 

Along with the impact of intercellular communication in the primary tumour 

microenvironment as In vivo tumours are heterogeneous in nature, containing 

the administered 4T1 cells along with recruited endothelial, stromal and 

immune cells. 

72 miRNA were found to be up regulated in the EVs when compared to the 

secreted cell, suggesting that certain miRNA are created primarily for the 

purpose of release, similar to observations in other studies [200] [201]. Pigati 

et al, [201] investigated EV-miRNA content secreted by breast cancer cell 

lines and normal mammary epithelial cells. They found that selected miRNAs 

were created solely for release and this release could potentially correlate with 

malignancy. They discovered that miR-451 and miR-1246 were the most 

abundant in the EV fraction across all breast cancer cell lines. When 

investigated In Vivo with mice bearing different subtypes of breast tumours, 

it was discovered that there were increased levels of miR-451 in the plasma. 

The study does not state if EVs were extracted from the plasma however so it 

can be assumed it was the total fraction investigated [201]. Interestingly, 

another group investigating EV-miRNA content released by Human 
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Embryonic kidney cells (HEK293T) also found that miR-451 was 

consistently the most highly exported miRNA In Vitro [200]. A study by our 

group showed that circulating EV-miR-451a was increased in breast cancer 

patients compared to healthy controls [173]. These results show along with 

the NGS findings of our study that certain miRNAs are release at higher levels 

in EVs. Identifying EV-miRNA released by the tumour could potentially aid 

in earlier detection of disease and help monitor therapeutic response. Further 

study is required however to understand the factors governing selective 

miRNA packaging into EVs for release. 

 4.5.2 4T1 tumour characterisation  

Following inoculation into animals, the 4T1 tumour characteristics were first 

confirmed by IHC. 4T1 tumours are triple negative murine breast cancer, and 

lack of HER2 amplification was confirmed by IHC. TNBC is known to be 

very invasive and is associated with a poor prognosis due to lack of targeted 

therapy [17]. To assess the vascularity of the tumours both CD31 and LYVE-

1 were targeted by IHC. CD31 indicates neo-angiogenesis which is the 

development of new blood vessels aiding in tumour growth. CD31 is highly 

expressed in breast cancer tissue [202]. Positive expression of the protein 

around vessels indicated endothelial cells forming blood vessels. Positive 

expression of LYVE-1, a marker of lymphangiogenesis, which indicates 

potential lymph node metastasis was seen throughout the tumour [203] [204]. 

High proliferation rate of tumours was indicated by high Ki67 levels, with 

strong nuclear expression of the protein observed in all tumours [205]. COX2 

has been shown to be highly expressed in breast cancer tissue when compared 

to healthy controls [58]. Strong positive expression was seen in the tumours. 

Together these results show the aggressive nature of the 4T1 tumours, 

especially considering the tumours were only allowed to form for two weeks 

before end of study due to tumour burden.  

 4.5.3 RQ-PCR validation of EV-miRNA identified by NGS 

To confirm miRNA could be detected in serum EVs, miR-16 was targeted by 

RQ-PCR. miR-16 was detected in all samples analysed (n=9) although at 

varying levels. Following on from miR-16 detection, RQ-PCR was performed 

targeting miRNAs detected in 4T1 secreted EVs In Vitro through NGS, to see 

if the miRNA could be detected in the circulation of tumour bearing animals. 
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Of the 72 miRNA found to be elevated in the secreted EVs, four were chosen 

for further analysis in the serum EVs of 4T1 tumour bearing mice - miR-122-

5p, miR-365-2-5p, miR-184-3p and miR-193b-5p. Interestingly circulating 

miR-122 has been associated with metastasis of other types of cancer [206] 

[207] and the role it plays in the pre metastatic niche by increasing the 

availability of nutrients [208]. MiR-365-2-5p has been found to increase cell 

proliferation and invasion in breast cancer [209] and aids in inducing 

subcutaneous tumours in skin cancer [210]. MiR-184 research varies with 

some studies suggesting it as a potential tumour suppressor in breast cancer 

[211] whilst others suggest it is in fact an oncomiR in tongue cancer [212]. 

The same varying results were also reported for 193b with some suggesting 

it as a tumour suppressor [213], yet others found that it played a role in drug 

resistant in breast cancer [214]. Circulating 193b was also found to play an 

oncogenic role that could be used alongside a panel of miRNAs to identify 

early metastasis in breast cancer [215].  

Three of the four miRNAs were undetectable in the serum EVs, however 

miR-122 was detected in 3 out of the 9 samples. Expression in two of the 

samples was too late to ensure correct triplicates and reliable results. In one 

sample (animal #117) however, late consistent expression levels were seen 

(35Ct). Late expression was also seen by Munagala et al [186], (ct >35) who 

unlike this study pooled the serum from five animals before EV isolation. The 

study was able to identify distinct circulating EV-miRNA differences 

between recurrent lung tumours vs primary tumours. Starting volume for our 

study for isolation was limited to the amount received during cardiac puncture 

at end of study. Therefore, going forward in order to improve miRNA 

detection in our study repeat sampling at different timepoints and pooling 

may be necessary. Our study does however show that it is possible to get 

sufficient template for analysis from one animal. Going forward it would be 

interesting the perform NGS or a microarray on tumour bearing versus 

healthy control animals to monitor changes during therapy.  

 4.5.4 In Vivo administration of human and murine MSC EVs  

For future studies to be as clinically relevant as possible there is a need to use 

human EVs for therapeutic administration in In Vivo models. However, as 

previously stated it is still unknown if EV administration will cause a host 
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immune response, with only one study to date solely assessing host response 

in detail as previously discussed in section 4.1 [216]. Mendt et al [217] 

administered BJ Fibroblast EVs in an In Vivo murine model of pancreatic 

cancer over a 4 month period and a separate study administering BJ-EVs, 

MSC-EVs, and MSC-iExosomes (electroporated to contain the siRNA to 

KrasG12D) over a 3 week period. However, immunophenotyping of the 

spleen, bone marrow and thymus was only performed on animals that 

received EVs for 3 weeks. No significant changes were observed in 

lymphocytes or myeloid cells in EV-administered mice, regardless of cell 

source or engineered cargo. In the group receiving EVs for 4 months 

chemistry and hematologic analyses of the blood and histopathological 

evaluation of different tissues were performed with no negative side effects 

of EV administration reported [217]. In a previous study by our group, human 

MSCs were transduced to over express miR-379 in both the cells and secreted 

EVs, and administered to an immune compromised model of breast cancer, 

showing promising therapeutic impact [58]. Thus, the current study 

investigated the host immune response to administration of both murine and 

human MSC-EVs in an immune competent model. 

The tumours, lymph nodes and spleens of all animals that received human or 

murine EVs were digested and flow cytometry analysis performed. A broad 

range of immune markers were selected for analysis covering T cells (CD4+, 

CD8+), B cells (CD19+), Myeloid-derived suppressor cells (MDSC) (GR-1+ 

CD11b+), Dendritic cells (CD11c+) and Natural killer cells (CD27+).  

When all tumour bearing animals were compared to the healthy controls there 

was significantly elevated activation of several markers including both helper 

T cells (CD4+) and cytotoxic T cells (CD8+/CD25+). Increased T cell 

activation was also observed by Turbitt et al [197] who investigated physical 

activity and the role it plays in tumour progression. The group investigated 

immune cell markers in the spleen of Balb/c mice bearing 4T1 tumours. CD4+ 

cells had roughly 20% activation and CD8+ cells had around 10% activation 

in the first two weeks after tumour implantation. The levels of both T cells 

decreased over the following three weeks [197]. The endpoint of this current 

study was two weeks after tumour implantation (3 days after EV 

administration) and so coincided with the data reported at two weeks. 
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MDSC’s (GR-1+ & CD11b+) were significantly increased in the tumour 

bearing animals compared to the healthy controls. MDSCs are cells that hold 

the ability to suppress T cell responses by releasing soluble 

immunosuppressive factors [218]. Breast cancer cells have been found to 

recruit MDSCs to the tumour microenvironment to down regulate anti-

tumour immunity and aid in tumour progression, particularly in 4T1 models 

[219] [220] [218]. The results of this study correlate with these findings, with 

GR-1+ and CD11b+ MDSCs significantly elevated in 4T1 tumour bearing 

animals compared to the healthy control group. This was also consistent with 

other studies including Chen and Ross 2012 [221]. CD11c+ levels are 

associated with immature dendritic cells, which also fall under the MDSC 

category, and were seen to be significantly elevated in the tumour bearing 

animals. These results also coincide with the previously mentioned study by 

Turbitt et al [197] that showed levels of T cells decreased as levels of GR-1+ 

CD11b+ cells increased over a five week period of 4T1 tumour growth. Trad 

et al [222] also reported that increased levels of CD11c+ in 4T1 tumours 

meant that dendritic cells were being recruited to help suppress CD4+ and 

CD8+ T cells.  

Natural killer (NK) cells play a vital role in the innate immune response by 

recognising and eliminating cancer cells [223]. NK cells have been found to 

be decreased in the presence of breast cancer by deregulation of janus kinases 

(JAK) and signal transducer and activator of transcription (STAT) pathway. 

Inhibition of this pathway has been found to help in progression of metastasis 

by in-turn decreasing NK cell anti-tumour activity [223]. The current study 

revealed significantly decreased levels of CD27+, a marker of NK cells, in the 

tumour bearing animals compared to the healthy control group. As a whole 

this data validated the immune profile of tumour bearing and healthy control 

animals. This will support the determination of any changes in response to 

the administration of human or murine MSC-EVs.  

When animals that received murine EVs were compared to animals that 

received human EVs no significant difference was seen in any immune cell 

population in the tumour, draining lymph nodes or spleen. Relatively low 

levels of all markers were activated following administration of either human 

or murine EVs including T cells, MDSCs, monocytes and macrophages with 
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no significant variation between the groups. These results suggest there was 

no significant impact of the human EVs on the host immune response. As no 

significant difference was seen between the groups this also suggests that 

engineering EV content to enrich for miR-379 initiated no host immune 

response either.  

In the lymph nodes of all animals (tumour bearing and disease-free) that 

received murine EVs compared to those that received human EVs no 

significant immune activation was seen. There were high levels of GR-1+/LY-

6C+ activation across all animals including non-tumour bearing, however this 

subset MDSC marker has been found to be elevated in Balb/c mice [224]. 

MHCI levels were present in all LNs however MHCI is present on all cells 

[225]. MDSC activation was present across all animals regardless of EVs 

source or disease status. Therefore, this further supports that the host immune 

response was not initiated by the EVs nor miR-379.  

Similar results were seen in the spleen with GR-1+/LY-6C+ levels activated 

although not as high as observed in the LN. The same activation levels of 

MHCI were again seen in all animals regardless of EV source or disease 

status. These results again suggest no impact of the EVs or miR-379 on the 

host immune system.  

 4.5.5 Summary  

Together these results support that the administration of human or murine 

EVs had no significant effect on the host immune response. When the tumour 

bearing animals were compared to the healthy control group it was found that 

there was a deregulation in many immune cells including T cells, MDSCs and 

NK cells. However, this activity was caused by the tumour. 4T1 tumours have 

been found to suppress the host immune system in order to go undetected and 

allow for tumour progression [197] [218] [219] [220] [221] [222] [223].  

This data is promising for future studies that human EVs can be safely 

administered into a murine model with a fully functioning immune system. 

These results taken together show the potential of MSC-EVs to by-pass the 

host immune system similar to the parent MSCs. This is promising for the use 

of MSC-EVs in the therapeutic setting. Overall the study shows that MSC-

EVs hold strong potential in the cancer setting.  
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5.1 Discussion 

Delivering a therapy directly to the site of the tumour without any negative 

impact on the host is the ultimate goal for cancer treatment. MSC-EVs hold 

promising potential in this area as the vesicles may retain the same tumour 

homing properties and immune privilege as the parent cell [79] [80] [147]. 

MSC-EVs have many benefits over cells, including less safety issues 

surrounding systemic administration, such as lack of  tissue entrapment 

issues, relative ease of modification and potential for production of higher 

yield [226].  

 5.1.1 MSC-EVs in the therapeutic setting  

MSC-EVs have been administered in a clinical trial for GvHD after the failure 

of standard treatments [163]. MSCs were derived from the bone marrow of 

four separate donors and secreted EVs isolated by first filtering the media 

(0.22µm) and then purifying the EVs by polyethylene glycol precipitation 

followed by ultracentrifugation at 100,000 x g twice. EVs were characterised 

by NTA, TEM and western blot (TSG101, CD81). Only one patient received 

seven escalating doses of MSC-EVs intravenously every two to three days 

over two weeks in 4 x 107 EVs as the final dose. Clinical symptoms were 

improved with no negative side effects and with levels of IL-1β, TNF-α and 

IFN-γ remaining stable throughout. Considering the trial took place in 2014 

the EVs were well characterised, with the study also acknowledging that the 

fraction of sEVs isolated may contain other EV subsets [163] [164]. Despite 

promising results there have been no follow-on clinical trials performed. A 

larger study employed MSC-EVs in a clinical trial setting for acute and 

chronic kidney disease [165]. EVs were isolated by ultracentrifugation with 

no filtration step included. This was notable when the EV size range (as 

determined by Zetasizer Nano) was reported as 80-1000nm. EVs were 

characterised by TEM and flow cytometry targeting CD63 and CD9. Twenty 

patients received MSC-EVs first intravenously followed by a second dose 

intra-arterially one week later. However, EV concentration was determined 

by protein yield with patients receiving a dose of 100µg/kg. As shown in this 

thesis and other recently published work, protein yield does not correlate with 

EV number therefore the dose administered may not have been consistent 

between patients. Immune impact was investigated by monitoring plasma 
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levels of TGF-β1, IL-10 and TNF-α with no significant changes observed 

when compared with the control group [165]. Both studies demonstrate the 

safety and tolerance of MSC-EVs in the clinical setting. Despite only one 

patient in the GvHD trial, the MSC-EVs were more robustly characterised 

when compared to the chronic kidney disease trial, with direct quantification 

of the EVs performed along with a filtration step of the conditioned media. 

These studies showed promising initial results for MSC-EV administration in 

the clinical setting, however very little research has focused on the immune 

implications of EV administration in cancer [198]. Due to rapid progression 

of EV research the major focus has been on isolation and characterisation 

refinement which is crucial for clinical translation [92] [90].  

Most studies to date have employed immune compromised animals when 

investigating EV therapy in cancer, with many failing to investigate or report 

on the host immune response [198]. To date Mendt et al [217] are the only 

team to administer MSC-EVs for the treatment of cancer in an immune 

competent model. The pre-clinical study, described in detail in Chapter 4, 

observed no negative side effects of long term EV therapy (4 months). This 

formed the basis for a Phase I clinical trial (NCT03608631) investigating 

bone marrow derived MSC-EVs engineered to carry a siRNA (iExosomes) to 

target a KrasG12D mutation in late stage pancreatic cancer. This trial 

recruitment phase was set for March 2020 with patients to receive 3 courses 

of IV delivered iExosomes, however recruitment has yet to commence. The 

study will measure tolerated dose and dose limiting toxicities. The study does 

not state what doses patients will receive or how the EVs will be isolated. 

However in the publication leading to the clinical trial, MSCs were cultured 

in a bioreactor format and clinical grade EVs were isolated by differential 

centrifugation, filtration and ultracentrifugation for 3 hours at 100,000 x g 

[217]. This trial will be a promising step forward for MSC-EVs in the cancer 

setting.  

This thesis is the first to assess the host immune response to both human and 

murine MSC-EV systemic administration in a breast cancer model. The study 

shows that EVs interact well with the host immune system. No immune 

response was detected in any of the immune cell populations regardless of 

EV cell source. Although a pilot study, this is an important step in EV therapy, 
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that no immune response was detected after administration of human EVs in 

a murine model. This will be relevant going forward as human EVs will be 

employed in the clinical setting and so it is ideal to be able to use them when 

performing pre-clinical investigations. The data indicates that MSC-EVs may 

be tolerated well, however a long-term study with repeat doses and increased 

number of EVs will be needed to build upon this data. 

 5.1.2 Circulating EVs to monitor tumour burden and response to 

therapy 

The development of a novel therapy employing MSC-EVs would go hand in 

hand with a diagnostic approach using circulating EV-miRNA. EV-miRNAs 

are thought to be more robust, consistent and reliable when compared to other 

circulating miRNA fractions. EV content is thought to represent the secretory 

cell and tumour cells release EVs into the circulation [227]. If tumour specific 

EV-miRNAs can be identified this would allow for monitoring of disease 

burden and therapeutic efficacy. Given that most miRNAs are not cell type 

specific, it is likely that a panel of EV-miRNAs will be most effective for 

disease detection and monitoring. 

It must be noted that the starting material from which EVs are isolated will 

impact the results. Generally starting material that is routinely collected by 

the lab performing the work is what is employed. In breast cancer studies 

serum is the most commonly used fraction. Many studies effectively utilize 

serum despite concerns that the clotting step in the serum isolation may 

deplete the EV fraction [97] [188] [228] [189] [229]. There is concern when 

using plasma for EV isolation, as EVs may be coated in lipids and proteins 

that may lead to aggregation or loss during centrifugation [230]. In the current 

study, serum was found to be a robust source of EVs as shown by NTA and 

TEM analysis. Although this study showed that there was sufficient template 

from one serum sample to detect EV-miRNA in the circulation of a mouse, 

pooling of samples may be required to obtain more reliable results. There is 

still debate regarding starting sample sources, however employing correct 

characterisation of isolated EVs, along with transparent reporting and 

accurate normalisation of data will accommodate for this. 

There remains a distinct need for robust and reliable endogenous controls 

particularly in EV-miRNA research. MiR-16, a commonly used endogenous 
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control for cancer research is widely debated due to variability as shown by 

this study and others [170]. In order to normalise EV-miRNA data, methods 

have been employed including spike in controls, absolute quantification or 

arrays to identify stable miRNAs. In this study, although a small sample size, 

there was a moderate correlation between EV number and increasing tumour 

burden. This indicates that there is a potential increased release of EVs with 

advancing disease. This is similar to research suggesting that there is an 

increased number of EVs in the circulation of cancer patients when compared 

to healthy controls [195][193][194]. If there are increased EV levels in cancer 

patients, determining copy number of circulating EV-miRNA and accurately 

quantifying EV yield may be important to obtain reliable data. Therefore, it 

is vital that studies identify a way of normalising EV-miRNA data to give 

true representative results.  

There are currently 5 clinical trials globally employing EV-miRNA in the 

diagnostic setting for cancer. Trial NCT03895216 is currently recruiting 

breast cancer patients with evidence of disease progression and presence of 

bone metastases in Italy (n=25), with the study end point in December 2020. 

Plasma EV-miRNA are being isolated using a commercial kit 24hrs before 

surgery, again 48 hours after mastectomy/bone biopsy and during follow up 

at 1, 3, 6 and 12 months. EV-miRNA will be identified by NGS to predict 

overall survival and disease progression. The study does not state if patients 

recruited will be newly diagnosed or if they have progressed to this advance 

stage. This is an important factor as previous treatments or surgeries could 

have an impact on the results. This is the only study to include breast cancer 

patients although other cancer types with bone metastases will be recruited. 

This trial will potentially provide interesting data as longitudinal sampling 

allows each patient to act as their own control, with variations over time 

observed. This removes the confounding factor of inter-donor differences. 

The data could also potentially reveal candidate endogenous control EV-

miRNAs that remain stable over time, an aspect that will be key for data 

analysis. Another clinical trial (NCT03800121) is recruiting localised and 

metastatic sarcoma patients (n=30) in three locations in France. The study 

aims to identify serum EV-miRNA (EXOSARC) to monitor disease and 

detect recurrence, with the end date of November 2020. EVs will be isolated 
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by ultracentrifugation and characterised by NTA and western blot at several 

timepoints pre and post-surgery, and during chemotherapy with miRNA 

content analysed. The other clinical trials include ovarian cancer 

(NCT03738319), prostate cancer (plasma - NCT03694483; urinary - 

NCT03911999) all of which aim to identify EV-miRNA to aid in disease 

detection and monitoring progression. These clinical trials will be important 

in understanding the packaging and release of EV-miRNA, which could help 

to detect and monitor disease and aid in earlier stratification of treatment plans 

[186] [187]. However, as noted there remains variance in EV isolation and 

characterisation methods, with some trials using serum and others plasma or 

urine. It would be ideal if these aspects were aligned, to generate EV-miRNA 

panels that could be widely employed and validated using standardised 

approaches. MISEV 2018 was developed with this in mind and as we move 

forward hopefully trial design will reflect this.  

Tumour specific EV-miRNAs have incredible potential to be used in a 

diagnostic setting. Ideally, after MSC-EV administration alongside standard 

of care chemotherapy, repeat blood samples would be taken. Disease specific 

circulating EV-miRNA could then be identified to allow for the monitoring 

of burden and therapeutic efficacy. 

 

5.2 Future directions 

These preclinical findings are promising for the use of EVs in the cancer 

therapeutic setting. To keep in line with the MISEV2018 guidelines on EV 

characterisation, three classes of proteins will need to be targeted by western 

blot to identify the EV subset and the biogenesis pathway, along with an in 

house NTA for routine characterisation [90]. There is now a move toward 

cryo-electron microscopy (EM) rather than fixing and embedding samples for 

analysis. During the TEM dehydration step the morphology of the EVs can 

be altered, however with cryo-EM the sample quality and morphology 

preservation is maintained [231]. EV yield also presents challenges. Many 

efforts have been made to increase EV secretion and yield including 

modifications in cell seeding density, 3D versus 2D culture, cell 

immortalization, chemical stimulation and the use of bioreactors applying 

mechanical shear stress [232] [233]. Going forward, a bioreactor format will 
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be employed to increase the yield of EVs and allow for continuous EV 

isolation. Large scale production of EVs will be required for clinical 

application. The use of additional methods such as tangential flow filtration 

(TFF) will allow for EV isolation from larger volumes [217]. Following TFF, 

size exclusion chromatography will allow for the isolation of a more reliable 

and consistent sEV fraction. Another advantage is that EVs can be stored 

stably at -80°C, reducing the need to thaw, recover and expand cell lines. NUI 

Galway has extensive resources to aid in translation to the clinical setting. 

The Centre for Cell Manufacturing Ireland (CCMI) produce clinical grade 

MSCs, recently administered in a clinical trial for critical limb ischemia 

[234]. Therefore, there is on campus potential to generate clinical grade MSC-

EVs. The Clinical Research Facility is located on NUI Galway’s campus 

which allows for first in human clinical trials. Together this would allow for 

the production and administration of MSC-EVs in the clinical setting.  

There are many other aspects of EV biology that need to be further understood 

to support application in clinical oncology, including factors controlling 

migratory itinerary and recipient cell uptake, and the impact of genetic 

modification. Although there has been a great expansion of EV research and 

ensuing publications in recent times, there is still a distinct need for increased 

insight into EV interaction with the host immune system. Aspects that need 

to be addressed include the effect immune response will have on therapeutic 

efficacy as breast cancer therapeutics such as the HER2 monoclonal antibody 

Trastuzumab have been shown to be affected by the immune response [235]. 

Macrophages have also been shown to play a role in the rapid clearance of IV 

injected B16BL6 murine melanoma derived EVs, which will have a major 

impact on therapeutic efficacy if the EVs are cleared too quickly [157]. 

Another benefit of MSC-EVs is the expression of CD47 which has been 

shown to suppress EV clearance. CD47 binds to signal regulatory protein 

alpha (SIRP-α) which in turn initiates a “don’t eat me” signal that inhibits 

phagocytosis, although further investigation is required [158]. The current 

study shows the importance of cell source in the therapeutic setting and the 

implications the secreted EV properties can have on the immune system.  
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5.3 Conclusion 

In conclusion this study highlights the importance of robust and transparent 

EV isolation and characterisation. It is imperative that researchers address and 

report the potential EV-host immune interactions at an early stage in 

development of therapeutic EVs for translation to the clinical setting. As EVs 

are naturally circulating in blood, when patients receive a blood transfusion, 

they are already receiving billions of EVs which bodes well for their safe use 

as a therapy. In this study EV administration showed no detection by the host 

immune system, suggesting MSC-EVs retain the secretory cell properties. 

The immune response will play a critical role in EV persistence in circulation 

and therapeutic efficacy. Tumour secreted circulating EV-miRNA hold 

potential as diagnostic markers to aid in monitoring therapeutic response. 

Further validation and work is required, however these exciting results show 

that EVs hold immense potential in the therapeutic and diagnostic setting for 

breast cancer. 
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Abstract: Extracellular vesicles (EVs) shuttle microRNA (miRNA) throughout the circulation and
are believed to represent a fingerprint of the releasing cell. We isolated and characterized serum
EVs of breast tumour-bearing animals, breast cancer (BC) patients, and healthy controls. EVs were
characterized using transmission electron microscopy (TEM), protein quantification, western blotting,
and nanoparticle tracking analysis (NTA). Absolute quantitative (AQ)-PCR was employed to analyse
EV-miR-451a expression. Isolated EVs had the appropriate morphology and size. Patient sera
contained significantly more EVs than did healthy controls. In tumour-bearing animals, a correlation
between serum EV number and tumour burden was observed. There was no significant relationship
between EV protein yield and EV quantity determined by NTA, highlighting the requirement for
direct quantification. Using AQ-PCR to relate miRNA copy number to EV yield, a significant increase
in miRNA-451a copies/EV was detected in BC patient sera, suggesting potential as a novel biomarker
of breast cancer.

Keywords: breast cancer; extracellular vesicles; exosomes; microRNA; biomarker; EV characterization

1. Introduction

Initially deemed a mechanism of cellular waste disposal, extracellular vesicles (EVs) secreted
by cells are now known to encapsulate a variety of biomolecules thought to be reflective of the cell
from which they are released [1]. As such, they hold significant potential as circulating biomarkers of
disease, with proposed applications in cancer diagnosis, prognostication, and prediction or monitoring
of response to therapy [1–7]. However, rapid expansion in the field, as evidenced by a surge in
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publications, is not without challenges. There has been a significant amount of conflicting evidence in
the literature regarding EVs with respect to nomenclature, isolation, characterization, quantification,
and transparency of reporting standards [8–12]. A myriad of EV purification and characterization
methods are employed by different research groups, often with poor reporting of key experimental
parameters. This issue was explored in detail by the EV-TRACK Consortium (2017) which paved the
way for development of the “EV-METRIC”, with the aim of improving completeness of reporting
on study methodology going forward [11]. More recently, a further update was provided through
publication of the Minimal Information for Studies of Extracellular Vesicles (MISEV) 2018 guidelines [12].
There is a move to referring to exosomes and other vesicles simply as EVs, recognizing the heterogeneity
of all isolates, while providing detailed descriptions of isolation methods and specific characterization
criteria. The universal adoption of this approach should increase transparency of reporting and support
reliable comparison of data generated by different groups, supporting progress to clinical application.

EVs encapsulate a plethora of potentially clinically relevant biomolecules, including microRNAs
(miRNAs) [1], which have been at the forefront of breast cancer research in recent decades, with
innumerable studies attempting to elucidate biomarker potential [13–15]. Despite initial promise,
circulating miRNAs have yet to be implemented in a clinical setting. The reason for this is multifactorial
and includes broad variations in starting materials (whole blood, serum, or plasma) and extraction
methods, and inconsistent use of endogenous controls [13]. As a result of this, the body of research on
cancer-related miRNAs is contrasting, with conflicting results reported for the same miRNA being
commonplace, even when evaluated in an identical disease setting [13]. Limiting the focus of interest
to the miRNA contained in the EV fraction of blood alone may help to overcome these challenges. It is
imperative, however, that we remain cognizant of these pitfalls, and avoid the initial mistakes made in
the field of miRNA-oriented biomarker discovery and validation, when attempting to expound the
clinical relevance of EV-encapsulated miRNAs (EV-miRs).

There have been a number of initial studies investigating circulating EV-miRNAs as biomarkers
of breast cancer in recent years [5,16–21]. Although limited by control sample size, one study reported
elevation of miRNA-101 and miRNA-372 in serum-derived EVs of patients with breast cancer (n = 50)
compared to healthy controls (n = 12) [5]. The use of EV-miRNAs as a prognostic marker for metastatic
progression in breast cancer was investigated by Zhou et al. [16], employing serum EVs in a murine
model of breast cancer and in 38 patients. Significantly elevated EV-miR-105 levels were detected in
patients who went on to develop distant metastases (n = 16) compared to those who did not (n = 22).
In these studies, like many published at the time, either no quantification or indirect quantification of
EVs using a protein assay was employed, and so, variable amounts of EV template may have been
inadvertently included in each group.

Analysis of plasma EV-miRNAs in breast cancer has also been performed using patient derived
xenograft (PDX) murine models, breast cancer patients, and healthy controls (n= 16 each) [17]. EV-miR-21
and miR-1246 were found to be significantly elevated in the plasma of patients with breast cancer
compared to healthy controls. For normalization of RT-PCR data, a synthetic Caenorhabditis elegans miR-54
(cel-miR-54) RNA oligonucleotide was used as a spike-in control, as no robust endogenous controls for
exosome/EV-miRNAs exist. While one study reported the use of plasma EV-miR-16 as an endogenous
control [21], another reported dysregulation of plasma EV-miR-16 in patients with breast cancer [18]. In
the latter study, miR-484 was employed as an endogenous control, along with synthetic cel-miR-39, as
miR-484 showed the smallest variation between healthy controls and patient samples. However, there was
no apparent standardization of loading material, and following isolation of EVs using a commercial kit,
samples were characterized only by the presence of CD63 and absence of Ago2 (usually associated with
cell free miRNA) by western blot [18]. As a result, data may be impacted through analysis of differing
yields of EVs in patient samples, thereby impacting the levels of miRNAs detected. The studies outlined
provide an important proof-of-principle, despite their limitations in size and scope.

In the largest study published to date, Stevic et al. [19] analysed the microRNA profiles of serum
EVs from 435 breast cancer patients. Only 20 healthy control individuals were included in the study,



Cells 2020, 9, 141 3 of 13

with the focus being on comparison of patients with Her2 amplified subtype (Her2+, n = 211) and
those with triple negative breast cancer (TNBC, n = 224). Microarray data was normalized using
miR-92a and miR-484, which were identified as relatively stable across arrays. However, there was
no standardization of loading material, with RNA isolated from total EV yields and resuspended
in the same volume for analysis. Indirect quantification of EVs in a subset of samples employing a
CD63 ELISA (Her2+ (n = 78), TNBC (n = 40), and healthy controls (n = 10)) revealed a significant
increase in EVs in both breast cancer groups compared to controls, with a higher (non-significant)
level also reported in Her2+ compared to TNBC patients [19]. This is likely to have impacted the
levels of miRNA detected. As our knowledge of EV characteristics and cargo continues to evolve, it is
becoming increasingly important to standardize effective methods for analysis of the biomolecules
within, and analysis of data generated.

EV-specific miR-451a, analysed further in the current study, has previously been demonstrated to
be elevated in the circulation of patients with non-small cell lung cancer [22] and to have potential
applications in prognostication of patients with pancreatic ductal adenocarcinoma [23]. In this study
we describe isolation of cell secreted EVs and circulating EVs in animal models and patients with
breast cancer. This is followed by detailed EV characterisation. EV-miR-451a was quantified in the
circulation of tumour-bearing animals, and breast cancer patients (n = 67) were compared to healthy
control (n = 44) individuals. The HCC-1954 model is a HER2 amplified human breast cancer cell line,
so was implanted into immunocompromised, athymic Balb/c mice. In the absence of an established
EV-miRNA endogenous control or robust method for data normalization, absolute quantification of
microRNA copy number is related to total EV number.

2. Materials and Methods

2.1. Culture of Breast Cancer Cell Lines

HCC-1954-luc breast cancer cells were routinely maintained in RPMI-160. Media was
supplemented with 10% FBS and 100 IU/mL penicillin G/100 µg/mL streptomycin sulphate (Pen/Strep).
The cells were originally purchased from LGC limited and were authenticated every two years using
single tandem repeat (STR) analysis. For bioluminescent in vivo imaging, HCC-1954-luc cells were
previously transduced with lentivirus expressing a red-shifted Luciola Italica luciferase transgene, under
the control of the Ubiquitin C (UbC) promoter (RediFect Red-FLUC-Puromycin Lentiviral particles,
Perkin Elmer Maryland, USA) [24].

2.2. Patient Samples and Ethics

All experimental procedures involving sera from human participants were approved by the
Clinical Research Ethics Committee (University College Hospital, Galway). Written informed consent
was obtained from each patient and all clinical investigation was performed according to the principles
expressed in the Declaration of Helsinki [25]. A total of 111 female participants were enrolled for
this study. This included 67 patients with breast cancer with a mean age of 55 (range 28–84) and
44 healthy volunteers with a mean age of 50 (range 23–69; Table 1). Healthy control volunteers
had no family history or a personal medical history of breast cancer. Volunteers deemed to have
co-morbidities requiring active treatment were excluded from the study. Of the patients with breast
cancer, 54 had the primary tumour in situ, while 13 had breast cancer metastasis following initial
resection. Disease characteristics are detailed in Table 1. All serum samples were collected in Vacutainer
Serum Separator Tubes II (Becton Dickinson), allowed to clot for 30 min, and centrifuged at 805× g at
4 ◦C for 10 min. Serum was then stored at −80 ◦C until required for EV isolation.
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Table 1. Clinicopathological characteristics of breast cancer patients from whom serum EVs were isolated.

Healthy Volunteers n = 44 Mean age (Range) 50 (23–69)

Breast Cancer Patients n = 67 Mean age (Range) 55 (28–84)

Histological Invasive type
Ductal

Lobular
Other

54 (80.5%)
10 (14.9%)
3 (4.4%)

Epithelial Subtype

Luminal A
Luminal B

HER2
Basal

42 (64.1%)
9 (13.4)

10 (14.9%)
6 (8.9%)

Nodal Status Node Positive
Node Negative

32 (47.7%)
35 (52.2%)

Tumour Grade
1
2
3

4 (5.9%)
33 (49.2%)
30 (44.7%)

Stage (UICC)

I
II
III
IV

13 (19.4%)
29 (43.3%)
11 (16.4%)
14 (20.9%)

2.3. In Vivo Breast Cancer Model

Ethical approval for In Vivo studies was granted from the Animal Care Research Ethics Committee
at the National University of Ireland Galway. Project authorisation was obtained from the Health
Products Regulatory Authority (HPRA) of Ireland.

Twenty-two female, athymic BALB/c nude mice (Charles River Laboratories Ltd. Kent, UK)
aged 6–8 weeks were used in the study. All mice under anaesthetic (5% Isoflurane) received a
mammary fat pad (MFP, second thoracic) injection of 3.5 × 106 HCC-1954-luc cells suspended in 200 µL
RPMI medium. All animals were drug naïve, had no previous procedures performed, and weighed
between 18–20 g. Each animal’s environmental enrichment was monitored daily, including health
and behaviour, cage conditions, food, and water. Cells were injected under sterile conditions on a
surgical mount/heated stage. Disease progression was monitored using an in vivo imaging system
(IVIS, PerkinElmer, Massachusetts, United States) following intraperitoneal (IP) injection of luciferin at
150 mg/kg. Approximately 6 weeks following tumour induction, animals were humanely sacrificed by
cardiac puncture under isoflurane anaesthesia. Blood was harvested and serum was extracted from
individual whole blood samples (not pooled) and stored at −80 ◦C until required for EV isolation.

2.4. Isolation of EVs from Human/Murine Sera

To isolate EVs from sera, 500 µL patient sera (n = 111) or animal sera (n = 22) was thawed and
diluted in 12 mL PBS; that was followed by differential centrifugation at 800× g and 2000× g for 10 min
each, microfiltration (0.22 µm), and ultracentrifugation (Hitachi Koki himac, micro-ultracentrifuge
CS150FNX; rotor S50A-2152) at 1.1 × 105

× g for 120 min. EVs isolated from sera were re-suspended
in sterile PBS and aliquoted for subsequent RNA isolation, protein analysis, NTA analysis, or TEM.
Protein lysis solution (1% Triton X-100 in 20 mM Hepes, 2 mM EDTA, 150 mM NaCl, 10 mM sodium
fluoride, 100X Protease Inhibitor Cocktail, and 2 mM sodium orthovanadate) was added to the samples
destined for protein analysis. EVs were stored at −80 ◦C until required.

2.5. Characterisation of Extracellular Vesicles

To confirm the presence of EVs, morphological examination of fixed EVs embedded in resin
was performed as previously described [26]. Briefly, a primary fixative (2% glutaraldehyde,
2% paraformaldehyde in a 0.1 M sodium cacodylate/HCL buffer, pH 7.2) was added to samples
prior to ultracentrifugation, and following isolation, EVs were immersed in a secondary fixative
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(1% osmium tetroxide), dehydrated in alcohol, and embedded in resin. Resin slices were then loaded
onto a copper grid, stained, and viewed using an Hitachi H7000 transmission electron microscope [26].

Western blots were performed, targeting the EV-associated proteins CD81 (Abcam ab79559),
CD82 (Abcam ab66400) and CD63 (Abcam ab68418). Protein concentration was determined by
microBCA Assay (Pierce™, Thermo Fisher Scientific, Massachusetts, USA) according to manufacturer’s
instructions. Protein samples (10 µg) were denatured for 10 min at 70 ◦C, which was followed
by separation on a pre-cast Mini-PROTEAN® TGX™ Gel (Bio-Rad) for 60 min at 100 V. Protein
molecular weight standards (20–220 kDa) were run simultaneously on each gel, followed by transfer
to a nitrocellulose membrane. Once blots were blocked (5% milk in TBS-T for 1 h), each membrane
was probed with an antibody targeting CD81 (1:1000 dilution, 1.5 h, RT), CD82, or CD63 (both at
1:1000 dilution; overnight, 4 ◦C) diluted in 0.1% milk in TBS-T. Following a series of washing steps,
a solution of secondary antibody (CD81—1:10,000; rabbit anti-mouse IgG HRP; Abcam ab6728; CD82
and CD63—1:3000; goat anti-rabbit IgG HRP; Abcam ab6721) was added to each membrane. Clarity™
Western ECL (Bio-Rad Laboratories, Maryland, USA) chemiluminescent substrate solution was applied
to each membrane and blots were visualized using the Gel Doc™ XR+ and ChemiDoc™ XRS + Systems
with Image Lab™ Software (Bio-Rad, version 5.2.1).

Nanoparticle tracking analysis (NTA) (NanoSight NS500, Malvern Panalytical, UK) was used
to analyse EV particle size distribution and concentration using a 405 nm laser source and EMCCD
camera, running NTA software version 3.2 using optimised and validated protocols [27]. EV samples
were diluted in PBS certified as particle-free by NTA (<3 particles per frame visible). Instrument
calibration was verified daily using 100 nm polystyrene latex calibration nanoparticles (Malvern
Panalytical). A total of five 60 s videos were recorded for each sample [27]. Total EVs per microliter
were determined, along with quantification of those within 30–150 nm in size, representing the small
EV (sEV) fraction. Spearman’s rank correlation coefficient was calculated to assess the relationship
between total protein yield determined by microBCA assay, and number of EVs (total, and 30–150 nm
size) was directly quantified by NTA.

2.6. RNA Extraction and Absolute Quantitative (AQ)-PCR Analysis

RNA was extracted from EV isolates (animal and patient sera) using the MagNA Pure Isolation
(Roche) extraction process as per manufacturer’s instructions, and stored at −80 ◦C. MicroRNA
(miR-451a) expression analysis was performed using TaqMan® assays and Universal Mastermix
(Applied Biosystems) [28]. An inter-assay control was employed on each plate, and all samples
were analysed in triplicate (standard deviation <0.3 required). Absolute quantification was used to
determine the number of copies of miR-451a relative to a standard curve of known concentrations
of synthetic miR-451a. Briefly, synthetic miRNA-451a (Applied Biosystems) was reconstituted in T/E
buffer (10 mM Tris-HCl, 1 mM disodium EDTA, pH 8.0) to generate a 2.38 × 10−4 mol stock solution.
A working solution of 1 × 10−5 mol was produced and reverse transcription performed, as described
previously [28]. Serial dilutions were prepared of standards ranging from 1 × 10−8 to 1 × 10−14 M.
The comparative cycle threshold was used to calculate the quantity of miR-451a in samples relative
to the standard curve generated [29,30]. The resultant value, obtained in moles, was converted to
particles by multiplication through Avogadro’s constant (6.03 × 1023 particles) [31].

2.7. Statistical Analysis

Continuous variables of interest are summarised numerically by means (with SEMs) and are
graphically represented using boxplots. Shapiro–Wilk’s W test was employed to test the assumption of
normality. Levene’s test was used to assess the equality of variances for a variable calculated for two
or more groups. Comparisons of continuous parametric variables were performed using a Student’s
t-test or ANOVA. Comparisons of non-parametric variables were performed using the Mann–Whitney
test. The degree of relationship between pairs of response variables was assessed using the Pearson
or Spearman correlation coefficient, as appropriate. A two-tailed p value of less than 0.05 indicated
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statistical significance. All analyses were performed using SPSS Version 22 (IBM Corporation, New York,
NY, USA) and Minitab 17 (Minitab, Inc., State College, PA, USA).

3. Results

3.1. Routine Characterisation of Isolated EVs

To confirm the presence and assess the quantity of EVs isolated from sera, NTA, western blotting,
and TEM were routinely performed, with representative images shown in Figure 1. Isolated EVs were
characterised by NTA, which determined the number and size distribution, with the majority of vesicles
falling within the size range of small EVs (sEVs), at 30–150 nm in size (Figure 1A). Western blot analysis
was performed, which confirmed that isolates expressed the EV-associated proteins CD81 (27–30 kDa),
CD82 (60 kDa, n-glycosylated), and CD63 (50–60 kDa) at the appropriate band sizes (Figure 1B).
EVs were visualized using TEM in both wide field (60,000×), showing multiple EVs of similar size
and close field (120,000×) views, showing details of the lipid bilayer (Figure 1(Ci,Cii)). Vesicles of
rounded morphology measuring 30–150 nm in diameter consistent with reported characteristics of
sEVs were observed.
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Figure 1. Serum extracellular vesicle characterisation: (A) Nanoparticle tracking analysis—the mean
size distribution and concentration (1 × 109) of the particles. The line represents the average of five
readings with red shading showing range across readings; (B) western blot analysis confirming the
detection of CD81 (27–30 kDa), CD82 (60 kDa), and CD63 (50–60 kDa) at the appropriate band sizes.
(Ci) TEM wide field view image (60,000×) and (Cii) close field view (120,000×) demonstrating EVs
with a round morphology and lipid bilayer.

3.2. Quantifying EVs in Human Serum

The total number of EV particles isolated from 500 µL sera as determined by NTA, ranged
from 3.42 × 108 to 8.90 × 1010/mL across all human serum samples (cancers and healthy controls,
Table 2). The mean total number of EV particles was significantly higher in patients with breast
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cancer when compared to control serum samples (BrCa 1.85 × 1010
± 1.99 × 109/mL versus control

1.18 × 1010
± 1.42 × 109/mL, Mann–Whitney U = 927.5, p = 0.001).

Table 2. Extracellular vesicle (EV) yield as determined by nanoparticle tacking analysis and protein
yield as determined by microBCA assay from the sera of patients with breast cancer and healthy
control individuals.

Sample All EV Particles/mL 30–150 nm EV Particles/mL Protein Yield (µg/mL)

Range Mean ± SEM Range Mean ± SEM Range Mean ±
SEM

All Sera
(n = 111) 3.42 × 108–8.90 × 1010 1.59 × 1010

± 1.36 × 109 1.26 × 108–5.73 × 1010 8.11 × 109
± 8.60 × 108 70–1023 314 ± 20

BrCa (n = 67) 3.42 × 108–8.90 × 1010 1.85 × 1010
± 1.99 × 109 1.26 × 108–5.73 × 1010 9.30 × 109

± 1.24 × 109 71–1023 345 ± 26
Control (n = 44) 3.67 × 109–5.76 × 1010 1.18 × 1010

± 1.42 × 109 1.15 × 109–4.49 × 1010 6.29 × 109
± 1.02 × 109 70–935 268 ± 28

Data relating to EVs in the size range associated with sEVs (30–150 nm) were then analysed.
The number of EV particles of this size ranged from 1.26 × 108 to 5.73 × 1010/mL of serum for all
samples. Similar to the analysis involving total EV particles, there was a significant increase of EV
particles within this size range between the breast cancer patients and healthy volunteer individuals
(9.30 × 109

± 1.24 × 109/mL versus 6.29 × 109
± 1.01 × 109/mL, U = 1110.0, p = 0.028). Patients with

breast cancer were further subdivided based on disease characteristics (outlined in Table 1) to determine
whether there was any relationship between EV number and other disease characteristics, such as
disease stage. No significant relationship was observed (e.g., disease stage UICC classification p = 0.869,
Figure S1A). Although the highest number of EVs was detected in patients with metastatic disease
(n = 13), this was not significantly higher than those with primary disease (n = 54), with both groups
having a significant increase over healthy controls (Figure S1B).

In relation to protein yield, despite a standardised volume of starting material, there was a wide
range of protein quantity present across all human serum EV samples (n= 111, range 70.6–1023.3 ng/µL),
with no significant difference in sera from patients with breast cancer (345.2 ± 25.9 ng/µL) when
compared to their healthy counterparts (268.1 ± 28.2 ng/µL, p = 0.053). In the past, protein yield has
been widely used as a surrogate indicator of sEV quantity; however, as demonstrated in Figure 2A,
no relationship between sample total protein yield and number of exosomal EVs was detected
(Spearman’s rho = 0.092, p = 0.339), with only a weak correlation with total EV yield detected
(rho = 0.216, p = 0.027, Figure 2B).
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Figure 2. Investigation of relationship between protein yield and number of EV particles quantified
by NTA: No relationship was detected between (A) protein yield and small EV particles (30–150 nm,
rho = 0.092, p = 0.339) with only a mild correlation between protein yield and total number of EV
particles (B) detected (rho = 0.216, p = 0.027) in human serum samples.
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3.3. Detection of EV-miR451a in a Breast Tumour Bearing Murine Model

EV-miR-451a was confirmed to be secreted by HCC-1954-luc cells in vitro, and then investigated
in the serum EVs of HCC-1954-luc tumour bearing animals. Animals were treatment naïve prior to
blood sampling, with no adverse events seen. As for the patient samples, murine serum EVs were
quantified using NTA and protein yield was determined for the purposes of western blot analysis
(Figure 3A). Bioluminescent imaging (BLI) using IVIS provided quantitative data on tumour burden
(relative light units, RLU, sample image shown in Figure 3B).
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Figure 3. (A) EV yield as determined by nanoparticle tacking analysis, and protein yield, as detected
by microBCA assay from the sera of HCC-1954-luc tumour-bearing mice. (B) Sample bioluminescent
IVIS image from a mouse bearing mammary fat pad tumour; (C) relationship between BLI (relative
light units) and number of circulating EVs.

MiR-451a was detected in all murine serum EV samples analysed (n = 22). Calculation of
miR-451a copy number was determined by absolute quantification. A standard curve for 10−8 to
1 × 10−14 mol dilutions of synthetic miR-451a was reproduced and a linear Equation (1) was accepted
(Figure S2A). An abundance of miRNA 451a was detected in the circulating EV particles of all breast
cancer bearing murine models analysed (4.84 × 10−14–7.52 × 10−13 mol/mL). Applying Avogadro’s
constant, the miR-451a copy number was calculated to range from 2.92 × 1010 to 4.54 × 1011 copies/mL
(1 mol = 6.02 × 1023 particles). Although a small group (n = 22), preliminary analysis revealed a
moderate correlation between serum EV number and tumour burden measured by BLI (rho = 0.386,
p = 0.047, Figure 3C).

y = −3.70 X − 14.80. (1)

3.4. EV-Encapsulated MiR-451a in Sera of Breast Cancer Patients and Healthy Controls

A standard curve for 10−8 to 1 × 10−14 mol dilutions of synthetic miR-451a was reproduced and
an average linear equation (Equation (2)) accepted (Figure S2B). After determining total number of
miRNA-451a copies per sample by multiplication by Avogadro’s constant, total number of copies of
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miRNA-451a was expressed relative to the number of EVs in each sample. The mean number of copies
of miRNA per EV ranged from 0.12 to 249.10 copies/EV. The mean number of miR-451a copies per
EV was significantly greater in the patients with breast cancer in comparison to the healthy cohort
(15.8 ± 4.4 versus 5.5 ± 1.7 copies, p = 0.029). A logarithm of the means was employed in Figure 4 to
demonstrate this comparison. When expressed relative to the number of exosomal EVs (30–150 nm),
a similar outcome was observed (38.60 ± 10.85 versus 11.63 ± 3.10 copies/EV, p = 0.019). When the
breast cancer cohort were investigated in isolation, no relationship between disease stage and the mean
number of miR-451a copies/EV was observed (5.58–24.44 copies/EV, ANOVA p = 0.549).

y = −3.24 X − 11.31. (2)
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4. Discussion

Inter-laboratory reproducibility is crucial for EV-miRNAs to reach their potential as biomarkers or
therapeutics. The data presented demonstrates that the previously widely used approach of indirectly
quantifying EVs based on protein yield, bears no significant relationship with the number of EVs
present in a sample when quantified directly using NTA. This was verified across patient serum
samples and murine samples. Samples were isolated in two different laboratories to ensure sample
collection method nor personnel were responsible, and NTA analysis was performed at a tertiary site,
using ISO certified equipment. These findings have important implications for in vitro, in vivo, and
clinical studies investigating the biomarker or therapeutic potentials of EVs. If samples are compared
based on standardized protein yield, investigators may in fact be analysing the target (miRNA, protein,
mRNA, etc.) in samples containing significantly different amounts of EV template. Therefore, elevated
levels may be due to unintentional analysis of elevated EVs, rather than a clinically relevant increase in
the analyte. Similarly, when testing the therapeutic potential of an EV population, it is imperative that
equal amounts of EVs from different cell sources or with different modifications are loaded to ensure
standardized comparison. This will also be critical for reproducibility in clinical trials. As the range of
platforms available for particle analysis has increased due to market demand, with relative decreases
in associated costs, access, and availability, research should be more widespread, allowing more teams
to align with the MISEV guidelines in this area [12].

The choice of starting material (serum or plasma) tends to be most influenced by whichever
sample type is routinely collected and accessible in the host lab. There is some concern that the clotting
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step in serum isolation will significantly deplete the EV fraction; however, there have been many
studies successfully employing sera in breast and other cancer settings [1,4,5,16,32]. Equally there
is concern that EVs isolated from plasma are coated with proteins and lipids likely to cause their
aggregation and a potential loss upon centrifugation [33]. We have found serum to be a robust source
of EVmiRs, as demonstrated in NTA analysis outlined previously, in agreement with other groups
who reported plasma or sera as equally good sources of circulating EVs based on the recovery, purity,
morphology, and biological function [33]. There is no doubt that all sample sources present their own
challenges, and robust characterisation of isolated EVs is an absolute requirement.

The quantity of EVs released into circulation is a consequence of the site of origin, and these
particles can envelope an extensive plethora of proteomic content. Taking ovarian cancer as an example,
over 2000 species of protein have been identified from tumour-derived EVs, including many involved
in disease progression and metastasis, such as membrane proteins, tetraspanins, and enzymes [34].
Serum samples were derived from cancer patients with different stages of disease and a range of disease
burden as indicated in Table 1. Healthy control volunteers had no family history or a personal medical
history of breast cancer; however, women of a variety of ages and backgrounds were included. While all
patients satisfied the inclusion criteria for the study, factors that can impact protein content, such as
excessive amounts of cells in the standardised starting volume, increased platelet activation, elevated
immune and inflammatory response, and high concentrations of procoagulant and angiogenic agents
were not accounted for [35]. Within the human sera analysed, a significantly higher quantity of EVs
was observed in the cancer patients, compared to healthy controls. It is conceivable that a false increase
in candidate miRNAs could then have been detected based on elevated EV template, highlighting
the need for endogenous controls. Preliminary analysis also revealed a moderate correlation between
tumour burden measured by BLI and the number of circulating EVs in murine sera (n = 22, rho = 0.386,
p = 0.047). Cancer cells are believed to release more EVs into the circulation than normal cells [32,36,37],
although it is important to note that the EVs come from a variety of cell sources and are representative
of the host as much as the cancer. While direct quantification of EVs is important, robust and reliable
protocols are also required, as inter-user variation has been shown to produce inaccurate results
for both size and concentration measurements. This can be as high as 20% for size and 170% for
concentration [38,39]. While NTA accuracy can also be hampered by the presence of co-purified EV
contaminants, such as protein complexes and lipoproteins, this method does offer a means of direct
quantification of EV number, which undoubtedly provides an improvement on indirect approaches [40].

EV quantification methods recently employed include NTA, tunable resistive pulse sensing (TRPS),
vesicle flow cytometry, surface plasmon resonance, and electron microscopy [41]. While each have their
merits, concordance across all must be questioned. A previously mentioned study reported elevated
miR-1246 in plasma of a small cohort of breast cancer patients compared to healthy controls (n = 16
each) [17]. Zhai et al. [20] targeted the same miRNA in plasma using a novel, nucleic-acid-functionalized
Au nanoflare probe. The probe enters EVs in plasma to generate a fluorescent signal by specifically
targeting miR-1246, and was reported to discriminate between breast cancer (n = 46) and healthy
control samples (n = 28) with 100% sensitivity and 92.9% specificity [20]. In the current study using
miR-451a as an example, absolute quantification of the number of copies of the miRNA was performed
and expressed relative to the number of EVs in each sample, as determined by NTA. A significant
increase in miRNA-451a copies/EV was detected in sera of breast cancer patients (n = 67) compared
to healthy controls (n = 44, p = 0.029), suggesting a role as a potential novel biomarker of breast
cancer. While the authors do not suggest that miRNA copy numbers are evenly dispersed in each EV,
this provides an approach that takes into account the number of EVs present in each sample. This could
be impacted by a myriad of patient factors, including tumour burden, host immune response to disease
or to therapy, and other co-morbidities, all of which will then impact the data generated.
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5. Conclusions

It is clear that EV source, isolation, and characterization methods; data normalization and analysis;
and reporting of study parameters, are heterogeneous in the published literature. If we do not address
the controversies faced by this rapidly evolving field, there is a danger that the true potential of EVs
may not be fully realized. It is imperative to address these issues and perform appropriately powered
studies, using clinically relevant models of disease, patient samples that represent the heterogeneity of
breast cancer and appropriately matched controls, taking into account the impact of standard clinical
interventions, and immune response to disease. Multidisciplinary collaboration will be key to realizing
the immense potential of EV-miRNAs as robust, clinically relevant biomarkers of disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/141/s1.
Figure S1: (A) Investigation of relationship between circulating EV number and disease stage (B) Circulating EV
number in healthy control individuals compared to breast cancer patients with primary tumours in situ and those
with metastases present. Figure S2: A standard curve for 1 × 10−8 to 1 × 10−14 mol dilutions of synthetic miR-451a
was reproduced, and a linear equation (A) (y = −3.70(×) − 14.80) for the murine study and (B) (y = −3.24 (×) −
11.31) for human sample analysis was accepted.
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Abstract: In recent times, extracellular vesicles (EVs) have come under the spotlight as potential
therapeutics for cancer, due to the relative ease of manipulation of contents and potential for tumor
targeting. The use of EVs as delivery vehicles may bypass some of the negative effects associated
with cell-based carriers, and there has been a major focus on defining EV subtypes, establishing
transparent nomenclature, and isolation and characterization techniques. EVs are believed to be a
fingerprint of the secreting cell and so researchers harness the positive aspects of a particular cell
of origin, and can then further modify EV contents to improve therapeutic efficacy. In this review,
we highlight studies employing EVs as cancer therapeutics that have reported on immune response.
As we rapidly advance towards potential application in the clinical setting, the question of immune
response to EV administration in the cancer setting has become critically important.

Keywords: extracellular vesicles; immune response; cancer

1. Introduction

While there have been major advances in the field, the potential for activation of a toxic host
immune response remains one of the major barriers to cell and gene therapy for cancer [1,2]. In recent
years, there has been increased focus on the potential for extracellular vesicles (EVs) as gene delivery
agents. EVs are secreted by all cells and while originally thought of a means of waste removal [3], are
now known to play an import role in cell to cell communication, transporting genetic material between
cells and into the circulation [3,4]. As a result, there is immense interest in EVs in the therapeutic
setting for many diseases, including cancer [5]. Due to the relative early stage and rapid developments
in the field, a major focus of EV research has been on refinement of isolation and characterization,
nomenclature and classification of different EV subsets [6–8]. EV is a broad term encompassing several
different subsets including exosomes, ectosomes, microvesicles and apoptotic bodies. Isolation and
characterization of a single pure subset is difficult due to crossover in size and characteristics. Therefore,
there have been attempts in recent years to set guidelines for researchers to allow for consistent, reliable
and reproducible reporting of results, to support transparency and rapid advances in the field [6–8].

Immune response to EVs has been investigated extensively in relation to diseases of the immune
system [9], however when administered in models of cancer most studies employ immunocompromised
animals and do not investigate whether EVs initiate an immune response. It is most likely that EV
immunogenicity depends on the model being used and the EV source and composition [10–12]. Given
that EVs are thought to be a fingerprint of the cell source, if the cell induces an immune reaction when
administered systemically, EVs may induce similar effects [13]. Thus, the EV cell source is a major
consideration in studies, with researchers aiming to take advantage of the parental cell properties.
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The effect of human EV administration in immunocompetent healthy animals was investigated
by Zhu et al. 2017 [10]. EVs derived from wild type (WT) or engineered (miR-199a-3p) HEK293T cells
were administered either intravenously (IV) or intraperitoneally (IP) three times weekly for 22 days
and animals were sacrificed on day 23. Spleen cell immune phenotyping was performed targeting
CD11b, CD11c, CD19, CD3+, CD4+, CD8+ with no significant changes observed. A few cytokines were
altered, although not significantly and this was seen only in the engineered EV group, suggesting that
content—miR-199a-3p—may have been detected by the immune system [10]. Overall this study shows
the safe administration of human EVs and engineered EVs in immunocompetent healthy animals.
In another study, crosstalk between immune cells, cancer cells and secreted EVs was investigated in
oral tongue squamous cell cancer (OTSCC) cell lines HSC-3 and SCC-25 [14]. Initially, the effect of
EVs isolated from the OTSCC cell lines on the cytotoxicity of CD8+ T and Natural Killer (NK) cells
from healthy patients was investigated. It was found that the EVs increased cytotoxic activity of the
cells, however the results varied depending on patient donor, EV parent cell and cancer cell type.
In a zebrafish non tumor bearing model, EVs derived from these cell lines were administered, with
decreased levels of anti-inflammatory Interleukin (IL)-13 reported. This was interesting as it was
previously reported that IL-13 was increased in the saliva of OTSCC patients, suggesting that EVs
derived from these cells do not cause this increase in IL-13 [14].

Mesenchymal stem cells (MSCs) have been extensively investigated for their immunosuppressive
properties, and have been used in 67 clinical trials of inflammation associated diseases, transplant
rejection and autoimmune diseases [15]. Originally it was thought that MSC therapy was dependent
upon cell to cell contact, however it was discovered that suppression of T-cell proliferation could be
accomplished by MSC-secreted factors alone [16]. Therefore, MSC-EVs are now being investigated to
see if they hold the same properties as their parent cell [17]. MSC-EV immunomodulatory properties
have been investigated, showing that EVs suppressed the secretion of pro-inflammatory Tumor
Necrosis Factor alpha (TNF-α) and IL-1β in peripheral blood mononuclear cells (PBMC) but increased
Transforming growth factor (TGF)-β concentrations in vitro [17]. Levels of regulatory T-cells and
cytotoxic T lymphocyte-associated protein 4 were also increased. Interestingly, it was previously
shown that indoleamine 2, 3-dioxygenase (IDO) mediated the immunoregulation by MSCs and an
increase in IDO was seen in cells co-cultured with MSCs. However, no increase was seen when cells
were co-cultured with the MSC-EVs. The study concluded that EVs and MSCs may differ in their
immune-modulating mechanisms and activities [17].

2. Employing EVs to Promote an Anti-Tumor Immune Response

Dendritic cell (DC)-derived EVs and their ability to trigger the immune response as a form of
cancer therapy has been widely investigated. Three separate clinical trials have employed EVs as
anti-cancer vaccines for the treatment of colorectal, melanoma or lung cancer. These studies showed that
EVs were safe, non-toxic and tolerable, along with induced anti-tumor responses including induction
of Cytotoxic T lymphocyte response and increased T cell activation [18–20]. Recently, Lu et al. [21]
reported DC potential to treat hepatocellular carcinoma (HCC). EVs secreted by murine DCs expressing
α-fetoprotein (DEVAFP), elicited a strong immune response when injected intravenously, which resulted
in decreased tumor growth and increased survival rates for mice. There were significantly more CD8+

T lymphocytes, increased IL-2 and Interferon-γ (IFN-γ), with decreased TGF-β and IL-10. In nude and
T-cell depleted animal models, there was lack of efficacy, suggesting that the T-cells contributed to the
DEVAFP mediated anti-tumor effect [21] (Figure 1). This study shows the potential positive effects of
EVs triggering an immune response to treat HCC.
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T-cell response. A P1A-specific CD8+ cytotoxic T lymphocyte response was also stimulated resulting 
in anti-tumor immunity [24]. 

Administration of TEVs as a vaccine has also been considered in a lung cancer model. EVs were 
isolated from a non-small cell lung cancer cell line (A549) overexpressing Rab27a. Mice were 
pre-immunized with EV-Rab27a for 2 weeks before being challenged with A549 cells, followed by 
EV-Rab27a for a further 2 weeks after administration of the cells. Tumor growth was significantly 
inhibited in the group that received EV-Rab27a compared to the controls. When the EVs were 
administered into a pre-established tumor model, tumor growth was also found to be inhibited [25]. 

The immune balance is regulated by immune checkpoint inhibitor molecules, and 
neutralization of these immunosuppressive checkpoints can lead to the elimination of cancer. 
Programmed Death-Ligand 1 is a membrane bound ligand found on the surface of many cell types 
and is up-regulated in tumor cells [26]. This cell surface expression is thought of as a means of 
immune evasion. PD-L1 binds to PD-1 on T-cells through its extracellular domain, suppressing 
activation of T-cells [27,28]. Inhibition of PD-L1 will allow more efficient T-cell response to cancer 
and based on this several therapies have now been approved [26]. Cancer cells have been found to 
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function both in vitro and in vivo [26,28]. To knockdown EV-PD-L1 production, Poggio et al. [28] 
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knockdown (PD-L1null) were injected into the flank of mice and monitored for 4 months. Mice that 
received either of the null cell populations showed no tumor growth and extended life span when 
compared to those administered with WT cells. When the immune response was investigated, CD8+ 
cells made up a greater fraction of the T-cells in the draining lymph node following injection of the 
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Figure 1. Exploiting EV characteristics to enhance or evade immune response (A) Engineered EVs
stimulate immune cell infiltration into tumors and disease regression (B) CD47+ve EVs evade host
immunity resulting in increased persistence and improved therapeutic response. (DEV-AFP: Dendritic
EV α-fetaprotein; HSP: Heat Shock Protein; IL: Interleukin; IFN: Interferon. (Image created using
Biorender.com—paid subscription).

Studies have investigated the potential of using tumor-derived EVs (TEVs) to induce an anti-tumor
immune response [22,23]. Myeloma cells were engineered to overexpress heat shock protein (HSP)
70 and the secreted EVs isolated (EV-HSP). Balb/c mice were immunized with the EVs to assess the
P1A (tumor antigen)-specific T-cell response. EV-HSP simulated a type 1 CD4+ helper T-cell response.
A P1A-specific CD8+ cytotoxic T lymphocyte response was also stimulated resulting in anti-tumor
immunity [24].

Administration of TEVs as a vaccine has also been considered in a lung cancer model. EVs
were isolated from a non-small cell lung cancer cell line (A549) overexpressing Rab27a. Mice were
pre-immunized with EV-Rab27a for 2 weeks before being challenged with A549 cells, followed by
EV-Rab27a for a further 2 weeks after administration of the cells. Tumor growth was significantly
inhibited in the group that received EV-Rab27a compared to the controls. When the EVs were
administered into a pre-established tumor model, tumor growth was also found to be inhibited [25].

The immune balance is regulated by immune checkpoint inhibitor molecules, and neutralization of
these immunosuppressive checkpoints can lead to the elimination of cancer. Programmed Death-Ligand
1 is a membrane bound ligand found on the surface of many cell types and is up-regulated in tumor
cells [26]. This cell surface expression is thought of as a means of immune evasion. PD-L1 binds to
PD-1 on T-cells through its extracellular domain, suppressing activation of T-cells [27,28]. Inhibition
of PD-L1 will allow more efficient T-cell response to cancer and based on this several therapies have
now been approved [26]. Cancer cells have been found to secrete EVs with PD-L1 expressed on their
surface. EV-PD-L1 has also been found to suppress T-cell function both in vitro and in vivo [26,28].
To knockdown EV-PD-L1 production, Poggio et al. [28] knocked out RAB27a, which resulted in the
reduction of EV secretion and therefore a loss of EV-PD-L1. Murine prostate cancer cells TRAMP-C2WT,
RAB27a knockdown (RAB27anull) or PD-L1 knockdown (PD-L1null) were injected into the flank of
mice and monitored for 4 months. Mice that received either of the null cell populations showed no
tumor growth and extended life span when compared to those administered with WT cells. When the
immune response was investigated, CD8+ cells made up a greater fraction of the T-cells in the draining
lymph node following injection of the two EV null cells compared to the WT, indicating an immune
response initiated by the EVs. Mice receiving null cells had decreasing CD8+ and CD4+ cells that were
PD-1 high. Interestingly, mice who had previously received the null cells were re-challenged 90 days
later with WT cells and showed no tumor growth compared to the control group which had not been
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previously challenged. This demonstrated a robust memory response even against the WT cells that
expressed EV-PD-L1. The study shows the ability of EVs to migrate to the draining lymph nodes and
inhibit T-cell activation, and potential for EV-PD-L1 knockdown therapeutics [28].

Another study investigated EV-PD-L1 knockdown in melanoma [27]. Interferon (IFN)-α
stimulation of A375 melanoma cells increased the amount of PD-L1 on the surface of secreted
EVs. These EVs when injected IV then suppressed CD8+ T-cell function to facilitate tumor growth
in a murine model of melanoma. The study showed that EV-PD-L1 bound to T-cells; moreover, EVs
derived from IFN-α treated cells exhibited higher binding to CD8+ T-cells. In vivo B16-F10 cells with
knocked down PD-L1 expression were subcutaneously injected into immune competent mice. EVs
derived from B16-F10 WT cells were administered IV, which promoted tumor growth in the PD-L1
knockdown group. Pre-treatment with EVs incubated with anti-PD-L1 antibodies inhibited the effect.
The EVs derived from B16-F10 WT were shown to decrease the proportion of proliferating PD-1-CD8+

T-cells in the spleen and lymph nodes, suggesting that EV-PD-L1 suppresses systemic anti-tumor
immunity. Levels of PD-L1 on circulating vesicles in melanoma patients during anti-PD-L1 therapy
were also examined, revealing that the pre-treatment level of circulating EV-PD-L1 was significantly
higher in patients who did not respond to anti-PD-L1 treatment [27].

Yang et al. [29] investigated whether EVs could transfer PD-L1 to other cells. EVs were isolated
from MDA-MB-231 and 4T1 breast cancer cells over-expressing PD-L1. EV-PD-L1 could be transferred
to the negative MCF-7 and BT549-PD-L1ko breast cancer cells, and also to other cell types including
human myeloid antigen presenting cells and macrophages. They also showed the EV-PD-L1 bound to
PD-1 on T-cells to inhibit T-cell activation and function. When EV secretion was blocked by Rab27a
knockdown, there was inhibited tumor growth, showing similar results to the previous study [27].
This transfer of PD-L1 to other cells within the tumor microenvironment could contribute to tumor
immune evasion [29]. Together these studies show the importance of EV-PD-L1 in the cancer setting.

CD47 has been shown to bind to signal regulatory protein alpha (SIRPα) and together they initiate
a “don’t eat me” signal. This signal has been investigated for its ability to inhibit phagocytosis of tumor
cells [30]. EVs derived from HEK293T cells were engineered with SIRPα on their surface (EV-SIRPα),
in order to target and block CD47 in a colorectal cancer model. In an immunocompromised model
bearing HT29 tumors, intratumoral administration of EV-SIRPα resulted in no significant decrease in
tumor burden when compared to the control group. When EV-SIRPα were administered IV into an
immunocompetent CT26.CL25 mouse model there was a dramatic reduction in tumor growth [30].
This suggests that the immune system played a role in the therapeutic response. When analyzed
further, it was discovered that there was extensive CD8+ T-cell infiltration when compared to the
control animals. These data suggest that the engineered EVs could prevent CD47-mediated tumor
evasion of an immune response and aid in therapeutic efficacy [30].

3. Employing EVs to Increase Persistence and Targeting of Therapeutics

While in a previously mentioned study, EV-SIRPα were employed to block the activity of
tumor cell CD47 and promote an anti-tumor immune response, CD47 expression on EVs is also
thought to be the mechanism by which EVs go undetected by the immune system. This is important
regarding the therapeutic setting where EV rapid clearance would reduce efficacy. Balb/c mice received
gLuc-LA- (Gaussia luciferase–lactadherin) labelled B16BL6 (murine melanoma) EVs at varying doses.
Macrophage depleted mice were prepared by administrating clodronate liposomes, followed by
labelled EVs administered IV. The rate of gLuc activity declined much slower in macrophage-depleted
mice, with a serum EV concentration 285-fold higher than those of the untreated mice, indicating that
macrophages play a key role in EV clearance. Ideally going forward, EVs from other cell sources would
be investigated to see if macrophages process all EV types in this manner [31].

EV-CD47 has also been investigated in a model of pancreatic cancer, where mutated forms of
KRAS are commonly seen [32]. EVs and liposomes derived from both human and murine normal
fibroblast-like mesenchymal cell lines were loaded with Alexa Fluor 647 (AF647) tagged siRNA,
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targeting oncogenic KRAS. When IP injections were performed, the iEVs (AF647-siRNA loaded EVs)
but not iLiposomes (AF647-siRNA loaded liposomes) were detected in the circulation of both nude
and immunocompetent animals 24 h later. Interestingly, iLiposomes enhanced the mobilization of
CD11b+ monocytes in the circulation, however this effect was not seen with the iEVs. The levels of
CD47 on EVs had an inverse correlation with circulating AF647+ monocytes, further supporting that
CD47 prevents EV clearance (Figure 1). In CD47 knockout mice, there were significantly less EVs in
the circulation after administration. Animals treated with IP iEVs had significantly reduced tumors
compared to the control groups, with the disease being barely detectable and animals surviving 200
days after treatment. When CD47 was blocked using an antibody on the EVs, it was found that there
was no reduction of tumor burden when compared to the iEVs. Together, these data support that CD47
presence on EVs contributes to evasion from host immune clearance [32]. This study shows promise
for EV use in the therapeutic setting.

Oncolytic virus therapy involves viruses that have been specifically engineered to infect, replicate
and kill preferentially in cancer cells, while in normal cells the activity is restricted. Due to safety
concerns, experimental oncolytic viruses are generally delivered in preclinical models via local
administration. The disadvantage of virus administration is the potential for immune detection and
inactivation thus preventing viral replication and spread in cancer cells. Garofalo et al. [33] first
investigated the effects EV encapsulated oncolytic virus to prevent immune detection and allow for
IV administration to treat lung cancer. EVs secreted by A549 cancer cells infected with the oncolytic
virus (EV-Virus) were isolated and loaded with paclitaxel (EV-Virus-PTX). Immune compromised mice
with subcutaneous A549 lung cancer were treated with EV-Virus-PTX, EV-Virus, or EVs alone. It was
reported that EV-virus-PTX had enhanced therapeutic effect when administered IV with significant
tumor reduction compared to IT.

This work on oncolytic viruses subsequently advanced to an immune competent model using
murine EVs and tumors, again encapsulating the virus in EVs to protect it from immune recognition [34].
Murine EV-Virus (1 × 108) labelled with a fluorescent dye (DiIC18) were administered either IP or IV.
Subsequent imaging revealed a tumor-localized signal only in cases where the EVs were administered
IV, but not IP. The study also investigated the tumor-associated immune response to the EVs. EV-Virus
or inactivated free virus were administered IV or IP. IV administration of the EV-Virus resulted in
infiltration of CD3+, CD4+ and CD8+ T-cells in the tumor similar to the virus alone group. The EVs
did not influence the immune modulatory effects of the virus [34]. These studies together show the
potential of EV encapsulated viruses as a targeted delivery system for oncolytic viruses.

Expression of Nucleolin is elevated on breast cancer cells and a DNA aptamer (AS1411—an
oligonucleotide that binds to nucleolin) targets and binds to the phosphoprotein. AS1411 has shown
inhibition of tumor activity and low systemic toxicity in a Phase II clinical trial [35]. EVs were isolated
from murine dendritic cells, mixed with AS1411 overnight to coat the EVs, and then EV-AS1411
were engineered by electroporation to carry miR-let-7 [36]. Immunocompromised mice received
IV EVs-AS1411-let-7 or conjugated AS1411-let-7. Mice that received EV-AS1411-let-7 demonstrated
better therapeutic response. The group receiving EVs had significantly inhibited tumor growth when
compared to the AS1411-let-7 or PBS groups, with enhanced tumor targeted delivery. Immune response
to the engineered EVs was investigated. Serum associated cytokines IFN-α and TNF-α were measured
in mice treated with EV-AS1411-let-7, with no statistically significant difference found when compared
to a PBS treated group [36].

4. Discussion

Although not yet administered in cancer patients, MSC-EVs have been administered in a clinical
trial for GvHD, after the failure of standard treatments [37]. Patients received seven escalating doses
of EVs over two weeks, PBMCs were isolated and cytokine response monitored. TNF-α, IL-1β and
IFN-α producing PBMCs were reduced by >50% following the final MSC-EV administration. During
therapy, there was a reduction in pro-inflammatory cytokines IL-8, IL-6 and IL-17A. Clinical symptoms
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for the patients also improved including reduced vomiting and nausea which was stable 16 weeks
post therapy [37,38]. MSC-EVs were also administered in a clinical trial setting for acute and chronic
kidney disease. Twenty patients received two doses of MSC-EVs and another twenty patients received
a placebo. Patients that received MSC-EVs had a significant improvement in kidney function, and
increased plasma levels of IL-10 and TGF-β1 with decreased levels of TNF-α. Both studies demonstrate
safe administration of MSC-EVs along with improvements in the target clinical parameters [37,39].
This has yet to be achieved in the cancer setting.

The generation and administration of clinical grade EVs for cancer treatment was recently reported
in a pre-clinical study by Mendt et al. [40]. While previous studies have been limited in timeline,
here the effect of long-term administration of EVs in an In Vivo model of pancreatic cancer was
determined. EVs isolated from BJ fibroblasts (normal foreskin cells) were injected IP into immune
competent mice every 48 h over the course of 4 months. Control mice received PBS, with no significant
changes in immune response noted between the two groups. Another group of immune competent
animals received either liposomes, BJ-EVs, MSC-EVs or iEVs (engineered as previously described
by this group [32]) through IP injection every 48 h for 3 weeks. When immunotyping of the spleen,
bone marrow and thymus was performed, no significant change in lymphocytes or myeloid cells was
seen regardless of EV source. Circulating levels of IL-6 and IFN-α were not elevated in any of the
groups, with levels remaining well below what is considered immunostimulatory. EVs were isolated
by ultracentrifugation which is known to include co-isolated fractions, with no immune response
observed, showing the isolation technique did not affect the study outcome [40]. These preclinical
findings are promising for the use of EVs in the cancer therapeutic setting.

Many efforts have been made to increase EV secretion and yield including modifications in
cell seeding density, cell immortalization, and the use of bioreactors applying mechanical shear
stress [41]. Large scale production of EVs will be required for clinical application as current isolation
methods produce low yields [40]. There are many other aspects of EV biology that need to be further
understood to support application in clinical oncology, including factors controlling migratory itinerary
and recipient cell uptake, and the impact of genetic modification. Although there has been a great
expansion of EV research and ensuing publications in recent times, the studies highlighted here are
the relatively few that provide any detailed insight into EV interaction with the host immune system.
Together these studies show the importance of cell source in the therapeutic setting and the implications
the secreted EV properties can have on the immune system. It is imperative that researchers address
and report the potential EV-host immune interactions at an early stage in development of therapeutic
EVs for translation to the clinical setting. This review emphasizes the need for careful selection of
the parent cell for EV production, and the potential impact of engineering EV surface and cargo on
immune response to the vesicles. The immune response will play a critical role in EV persistence in
circulation and therapeutic efficacy.
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Abstract
Adult Mesenchymal Stem Cells (MSCs) have a well-established tumor-homing capacity, highlighting potential as tumor-
targeted delivery vehicles. MSCs secrete extracellular vesicle (EV)-encapsulated microRNAs, which play a role in
intercellular communication. The aim of this study was to characterize a potential tumor suppressor microRNA, miR-379,
and engineer MSCs to secrete EVs enriched with miR-379 for in vivo therapy of breast cancer. miR-379 expression was
significantly reduced in lymph node metastases compared to primary tumor tissue from the same patients. A significant
reduction in the rate of tumor formation and growth in vivo was observed in T47D breast cancer cells stably expressing miR-
379. In more aggressive HER2-amplified HCC-1954 cells, HCC-379 and HCC-NTC tumor growth rate in vivo was similar,
but increased tumor necrosis was observed in HCC-379 tumors. In response to elevated miR-379, COX-2 mRNA and
protein was also significantly reduced in vitro and in vivo. MSCs were successfully engineered to secrete EVs enriched with
miR-379, with the majority found to be of the appropriate size and morphology of exosomal EVs. Administration of MSC-
379 or MSC-NTC cells, or EVs derived from either cell population, resulted in no adverse effects in vivo. While MSC-379
cells did not impact tumor growth, systemic administration of cell-free EVs enriched with miR-379 was demonstrated to
have a therapeutic effect. The data presented support miR-379 as a potent tumor suppressor in breast cancer, mediated in part
through regulation of COX-2. Exploiting the tumor-homing capacity of MSCs while engineering the cells to secrete EVs
enriched with miR-379 holds exciting potential as an innovative therapy for metastatic breast cancer.

Introduction

Breast cancer is a multifaceted heterogeneous disease and is
the most commonly diagnosed cancer in women, with
approximately 40,000 associated deaths in the United States
in 2016 [1]. Further understanding of the mechanisms
underlying disease progression and subsequent develop-
ment of novel therapeutic strategies remains vital. Micro-
RNAs (miRNAs) play a key role in regulation of gene
expression, predominantly through binding to the
3’untranslated region (UTR) of target mRNA [2]. In the
cancer setting, miRNAs function as either tumor suppressor
miRs or oncomiRs [3, 4]. miR-379 is located on chromo-
somal region 14q32.31, a region that has been shown to
contain tumor suppressor genes that are commonly down-
regulated in multiple cancers [5]. We previously reported
reduced miR-379 expression in patient breast cancer tissues
compared to healthy breast tissue, with regulation of Cyclin
B1 expression demonstrated in vitro [6]. More recently,
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decreased miR-379 expression in hepatocellular carcinoma
(HCC) tissues has been reported, with a relationship
between miR-379 and disease stage demonstrated [7].
Another study analyzing the miRNA in osteosarcoma tissue
samples also found miR-379 to have significantly reduced
expression when compared to adjacent non-cancerous tis-
sues [8]. miR-379 has also been reported to reduce pro-
liferation and migration or invasion in colorectal,
hepatocellular cancer, vascular smooth muscle, mesothe-
lioma, and osteosarcoma cell lines [7–12]. One study pub-
lished contrasting results based on clinical sample data
available on an online database, reporting that elevated
miR-379 expression in prostate cancer correlated with
patient disease-free survival [13]. Predictive algorithms
coupled with luciferase reporter assays and sequencing data
have demonstrated that miR-379 targets interleukin (IL)-18
in mesothelioma [12], IL-11 in breast cancer cells [14],
pyruvate dehydrogenase kinase-1 in osteosarcoma [8], and
insulin-like growth factor-1 in vascular smooth muscle cells
[11]. In the literature to date, there is one example of in vivo
analysis of the miRNA, where a miR-379 mimic was
directly injected into osteosarcoma and a reduction in tumor
growth and Ki67 expression reported [8]. While the
majority of data support a potential tumor suppressive role
for miR-379, this has yet to be demonstrated in vivo
through determination of the impact on tumor establishment
and progression, and the mechanism of action of the miR
remains poorly understood. Interestingly, miR-379 has a
predicted binding site on cyclooxygenase (COX)-2 mRNA
and was shown to downregulate COX-2 expression at the
mRNA level in vitro [14]. COX-2 has a well-established
relationship with the pathogenesis of breast cancer [15],
with elevated expression associated with angiogenesis, lar-
ger tumor size, Her2/neu amplification and lymph node
metastasis, and apoptosis [16–18].

For miR-379 to exert any therapeutic effect in vivo,
targeted delivery of the miRNA to tumor cells must be

attained. Mesenchymal Stem Cells (MSCs) have
been proven to possess the capacity to both home to the
sites of metastatic tumors when systemically administered
in vivo, and to evade the host immune response through
interactions with both the innate and adaptive immune
systems [19–22].

MSCs can be readily isolated from a variety of
tissue types including bone marrow and adipose, and are
defined by minimal characteristics including the presence/
absence of specific markers and the proven ability to dif-
ferentiate along specified lineages [23]. It is important to
note that application of these criteria produces hetero-
geneous cultures and there remains an unmet need to
identify criteria and standardize protocols for isolation,
characterization, and expansion of a homogeneous popula-
tion of these cells. This will reduce the potential for dis-
crepancies in clinical outcome and support more rapid
clinical translation [24].

MSCs are potent secretory cells, and release extracellular
vesicles (EVs) within the size range of 40–120 nm, known
as exosomes, in large quantities [25]. These EVs naturally
contain genetic material such as miRNA and are capable of
transferring contents to recipient cells where a phenotypic
impact can be exerted [26]. In addition, EVs are thought to
target specific sites when systemically administered in a
manner reflective of the parent cell [27]. MSC-derived
exosomes were previously engineered with anti-miR-9 by
transient transfection of the parent cell, and shown to
reverse expression of a multidrug transporter when taken up
by recipient glioblastoma multiforme cells in vitro [28]. In
an in vivo model of glioma, Katakowski et al. [29] reported
a promising therapeutic effect following direct intra-tumoral
injection of MSC-derived exosomes enriched with miR-
146.

In the current study, the potential tumor suppressor
role of miR-379 is further investigated in patient
samples and through determining the impact of miR-379 on
tumor establishment and progression in vivo. The
mechanism of action of miR-379 is investigated, and stra-
tegies for tumor-targeted delivery of the miR developed
using MSCs or cell-free secreted exosomes. The data sup-
port a potent tumor suppressor role for the miR,
with important differences seen depending on the breast
cancer model employed. In response to elevated miR-379,
COX-2 mRNA and protein was significantly reduced
in vitro and in vivo. MSCs were successfully engineered to
secrete EVs enriched with miR-379 (EV-379). Systemic
administration of EV-379 was demonstrated to have a
therapeutic effect in vivo. We present evidence that sys-
temic delivery of MSC-derived EV-encapsulated miRNAs
may offer therapeutic promise in the treatment of metastatic
breast cancer.

Fig. 1 Analysis of miR-379 expression in matched primary tumors and
lymph node metastases from the same patients (t-test, P< 0.005)
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Results

MiR-379 expression in patient breast tumor tissues
and matched lymph node metastases

MicroRNA was isolated from breast tumors (n= 9), and
matched lymph node metastases (n= 9) from the same
individuals and miR-379 expression analyzed using real-
time quantitative PCR (RQ-PCR). All tissue samples ana-
lyzed contained detectable levels of miR-379, with a sig-
nificant decrease in expression observed in lymph node
metastases (mean (SEM) 1.2 (0.13) Log10 relative quantity
(RQ), Fig. 1) relative to matched primary tumors (1.86
(0.17) Log10 RQ) from the same patients (t-test, P< 0.005).

Functional impact of miR-379

Successful lentiviral transduction of T47D and HCC-1954
cells was confirmed by fluorescence microscopy and RQ-
PCR (Fig. 2a). Following puromycin selection, all cells
were visualized to be positive for red fluorescence protein
(RFP) expression (Fig. 2a(i,ii)). Increased miR-379 was also
verified in T47D-379 (5.34 log10 RQ relative to T47D-
NTC) and HCC-379 (5.52 log10 RQ relative to HCC-NTC,
Fig. 2a(iii)). The impact of miR-379 on pro-angiogenic

proteins was investigated in cell lysates from HCC-379 and
HCC-NTC cells by chemiarray (Fig. 2b). The cells were
found to express a range of pro-angiogenic proteins
including tissue inhibitor of metalloproteinases-1 (TIMP-1)
and urokinase plasminogen activator (uPa). Each spot in
duplicate represents a specific protein, with reference spots
(circled) employed for normalization of variance between
membranes. Background levels were subtracted and results
were expressed in relative densitometry units (RDUs). A
range of proteins were reduced in the presence of miR-379
(Fig. 2b(ii)) compared to HCC-NTC all lysates (Fig. 2b(i))
including: TIMP-1 (−60% decrease; from 22,028 to 8712
RDUs), Serpin E1 (−65% decrease; from 30,938 to 10,572
RDUs), and uPA (–31% decrease; from 257,360 to 177,504
RDUs). Due to sequence homology between miR-379 and
the 3’UTR of COX-2, the impact of elevated miR-379 on
COX-2 protein was determined, with a decrease in the
protein detected in HCC-379 compared to HCC-NTC cells
(Fig. 2b(iii)).

Impact of miR-379 on breast tumor establishment
and progression

To determine the impact of miR-379 on tumor establish-
ment and progression, T47D-379 or T47D-NTC were

Fig. 2 Functional impact of miR-379 in breast cancer. a (i) Sample
image of transduced RFP-positive T47D cells following puromycin
selection; (ii) equivalent DAPI-stained nuclei confirming all cells
express RFP; (iii) confirmation of elevated miR-379 expression fol-
lowing transduction of T47D and HCC cells. b Human angiogenesis

proteome profile array of (i) HCC-NTC lysate compared to (ii) HCC-
379 lysate to determine the effect of miR-379 on pro-angiogenic
proteins; (iii) impact of miR-379 on COX-2 protein expression
determined using western blot in HCC cells
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administered subcutaneously into the right flank of nude
mice. In animals with T47D-NTC cells, tumors developed
in all animals (n= 5/5), while only 2/5 animals injected

with T47D-379 cells developed tumors. Along with
increased tumor incidence, average weights for the NTC
tumors were greater (n= 5, mean 60.9 mg) compared to

Fig. 3 In vivo analysis of impact
of miR-379 on tumor
establishment and growth. a (i)
Along with increased tumor
incidence, average weights for
T47D-NTC tumors were greater
(n= 5, mean 60.9 mg, SEM
shown) than T47D-379 tumors
(n= 2, mean 6.05 mg, SEM
shown). Representative images
of tumors established using (ii)
T47D-NTC or (iii) T47D-379. b
In vivo co-registered ultrasound
(i,iii) and oxygenated-
deoxygenated photoacoustic
image (PAI) (ii,iv) of tumors.
Panels (i–ii) are representative of
HCC-NTC tumors while panels
(iii–iv) are representative of
HCC-379 tumors. c H&E
staining of tumor sections
derived from (i–iii) HCC-NTC
cells and (iv–vi) HCC-379 cells.
Sections were imaged at 10× (i,
iv), 20× (ii,v), and 40× (iii,vi).
d Immunohistochemistry
analysis of COX-2 protein in
tumor sections derived from
(i–iii) HCC-NTC and (iv–vi)
HCC-379. Images taken at 10×
(i,iv), 20× (ii,v), and 40× (iii,vi)
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tumors in the miR-379 group (n= 2, mean 6.05 mg, Fig.
3a).

In the case of the more aggressive Her2/neu-amplified
HCC-1954 cells, there was no decrease in tumor incidence
or volume observed in the HCC-379 tumors compared to
those established using HCC-NTC cells. During tumor
growth mice were imaged using the photoacoustic image
(PAI) system (Fig. 3b). Tumor vascularity was assessed in
the PAI image (Fig. 3b(ii, iv)) and compared to an ultra-
sound scan of the tumor (Fig. 3b(i, iii)). This system mea-
sured the concentration of oxy (red) and deoxy (blue)-
hemoglobin within the tumor. An area devoid of vascularity
can be seen in the center of the representative HCC-379
tumor (Fig. 3b(iv)). Upon resection of tumors, these tissues
were found to be fluid filled. Following tumor resection,
samples were hematoxylin and eosin (H&E) stained (Fig.
3c). HCC-379 tumors exhibited significant areas devoid of
nuclei/cells (Fig. 3c(iv-vi)) that were not present in HCC-
NTC tumors (Fig. 3c(i-iii)). Samples were reviewed (blin-
ded) by a pathologist to determine differences between

HCC-NTC and HCC-379 cohorts. Samples were scored for
necrosis and HCC-NTC tumors exhibited 0–20% necrosis
while in HCC-379 tumors necrosis ranged from 5 to 50%.
Immunohistochemistry (IHC) for COX-2 protein was also
performed on HCC-NTC and HCC-379 tumor sections.
Analysis of stained tissue sections showed a reduction in
expression of the COX-2 protein in HCC-379 tumors (Fig.
3d(iv-vi)) when compared to HCC-NTC sections (Fig. 3d(i-
iii)).

Enrichment of miR-379 in MSCs and derivative EVs

Successful lentiviral transduction of MSCs was confirmed
through visualization of RFP expression using fluorescence
microscopy (Fig. 4a(i-ii)) and by RQ-PCR targeting miR-
379. A significant increase in miR-379 was verified in
MSC-379 cells (2.71 ± 0.29, Log10 RQ) compared to MSC-
NTC cells (0.151 ± 0.08 Log10 RQ, Fig. 4a(iii)). MSC-379
derived EVs were characterized and quantified by nano-
particle tracking analysis (NTA), with the majority found to

Fig. 4 Transduction of MSCs and characterization of isolated EVs. a
Confirmation of lentiviral transduction of MSCs by fluorescence
microscopy of (i) DAPI-stained nuclei; (ii) RFP-expressing cells; and
(iii) RQ-PCR confirmation of elevated miR-379 expression following
transduction. b Nanoparticle tracking analysis of isolated EVs (i)

showing dispersed individual EVs and (ii) the average size distribution
of the particles; and (iii) western blot detection of exosome-associated
protein CD63. c Transmission electron microscopy of embedded EV
samples at (i) 50,000× and (ii) 150,000×. d RQ-PCR targeting miR-
379 in MSC-379 or MSC-NTC conditioned media and secreted EVs
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fall in the appropriate size distribution of exosomal EVs
(Fig. 4b(i-ii)). Expression of the exosome-associated protein
CD63 was also demonstrated (Fig. 4b(iii)). EVs in the size

range of 30–120 nm with the appropriate morphology of
exosomal EVs were also visualized by transmission electron
microscopy (TEM) (Fig. 4c(i-ii)). A 2.5-fold increase in

Fig. 5 In vivo analysis of therapeutic impact of IV administered
engineered MSCs or EVs. a RFP-labeled MSCs engrafted within
tumor following IV administration. b (i) Quantitative bioluminescence
following IP administration of D-Luciferin (15 mg/ml) weekly fol-
lowing IV injection of 1× 106 cells/50 µl PBS of MSC-NTC or MSC-

379; (ii) sample IVIS images taken over the course of the study of
mice that received MSC-NTC or MSC-379 cells. c (i) Imaging per-
formed on mice following 4 repeat IV injections of 2.6× 107EVs/50 µl
PBS EV-NTC or EV-379. (ii) Sample IVIS images over the course of
the study of mice that received EV-NTC or EV-379
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miR-379 was detected in the MSC-379 associated condi-
tioned media (P= 0.09), while analysis of the EV content
revealed a significant (fivefold) increase in expression of
miR-379 in MSC-379 secreted EVs (25.43 ± 3.39 RQ)
compared to MSC-NTC-derived EVs (5.07 ± 2.66 RQ, P=
0.02, Fig. 4d).

MSC-mediated delivery of miR-379

An in vivo study was carried out using orthotopically
administered HCC-1954-luciferase(luc) cells to determine
the potential for MSC-379 cells as therapeutic agents. Upon
tumor formation, MSC-NTC or MSC-379 cells (1× 106

cells) were administered intravenously (IV). Fluorescence
microscopy imaging of indicative sections of tumors har-
vested from animals confirmed engraftment of RFP-labeled
MSCs following IV injection (Fig. 5a). Animals were
subsequently imaged weekly to determine any impact on
tumor progression based on bioluminescence (Fig. 5b(i)).
Data were normalized to pre-treatment readings assigned as
a baseline of 100% and expressed as Log values. There
were no adverse effects observed following IV administra-
tion of MSCs. Over the duration of the study there was no
significant change in tumor activity witnessed between
animals that received MSC-NTC and MSC-379 cells (ana-
lysis of variance (ANOVA) P= 0.16). At week 6, a final
time point comparison between the two groups also showed
no significant impact on tumor activity (P= 0.296). Sample
in vivo imaging system (IVIS) images of mice that received
MSC-NTC cells (Fig. 5b(ii)) showed no significant differ-
ence to mice that received MSC-379 cells.

MSC-derived EV-mediated delivery of miR-379 (cell
free)

Upon tumor formation, four repeat injections of NTC- and
miR-379-enriched EVs (2.6× 107 EVs in 50 µl phosphate
buffer saline (PBS) IV) were performed and subsequent
IVIS imaging was carried out for 6 weeks following the first
injection. Data were normalized to pre-treatment readings
assigned as a baseline of 100% and expressed as Log
values. EV injections were well tolerated with no adverse
effects observed. Over the course of the study, a significant
reduction in tumor activity was observed in animals that
received EV-379 (ANOVA P= 0.000). At week 6, a sig-
nificant reduction in tumor activity (P= 0.001) in animals
that received miR-379 EVs (mean± SEM, 4± 1.41%
increase in Bioluminescence) when compared to those
administered with NTC EVs (16± 2.65% increase in Bio-
luminescence, Fig. 5c(i)) was observed. Sample IVIS ima-
ges show a reduction in tumor size in an animal that
received miR-379 EVs compared to NTC EV treatment
(Fig. 5c(ii)).

Discussion

The data presented demonstrate a definitive tumor sup-
pressor role for miR-379. Our previous work revealed that
miR-379 expression was significantly decreased in patient
breast tumor tissue compared to healthy breast tissues [6].
Further, expression levels of the microRNA decreased with
increasing tumor stage. In the present study, expression of
miR-379 was quantified in metastasized lymph node tissue
and found to be significantly reduced when compared to
matched primary tumor tissue from the same patient.
Although a small sample size due to the rarity of these
matched tissues, in combination with our previously pub-
lished work [30], this confirms the clinical relevance of this
miRNA in the breast cancer setting.

Initial in vitro experiments using breast cancer cells
stably expressing mir-379 revealed reduced expression of a
range of pro-angiogenic proteins including COX-2, which
has a well-established association with breast cancer pro-
gression and poor patient prognosis [18]. The true tumor
suppressor function of miR-379 was then demonstrated in
two in vivo models of breast cancer, although it manifested
in different ways. While tumor formation and growth rate
were suppressed in the less aggressive T47D model, the
HER2-amplified HCC-1954 cells formed large tumors
which turned out to be fluid filled, with limited viable tumor
tissue in the presence of elevated miR-379. This highlights
the importance of histological assessment of the primary
tumor microenvironment and tumor characteristics, rather
than just growth rate. A PAI system was employed to
analyze vascular networks based on the natural contrast of
hemoglobin. Tumors were imaged in the range 680–970
nm, where deoxygenated hemoglobin has stronger optical
absorption in the 650–780 nm range while oxygenated
hemoglobin has stronger absorption in the higher spectrum
[31]. Water has a peak absorption coefficient of ~ 975 nm
which falls outside the window used [32]. HCC-379 tumor
images revealed a central area devoid of vascularity,
thought to be fluid. Once harvested at the time of sacrifice,
these tumors were shown to have large fluid-filled centers.
Subsequent H&E staining revealed that HCC-379 tumors
exhibited greater areas of central necrosis when compared
to HCC-NTC tumors. This highlights the benefit of this
imaging approach as it gave the first indication that the
characteristics of HCC-379-enriched tumors may be dif-
ferent. PAI can also be applied to breast cancer patients and
so has translational relevance [33]. In line with in vitro
observations, along with an increase in necrosis in 379-
expressing tumors, a significant inhibition of expression of
COX-2 was demonstrated in HCC-379 tumors when com-
pared to HCC-NTC tumors.

Taken together, the findings reveal a potent tumor sup-
pressor role for miR-379 in the breast cancer setting, which
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raises interest in the potential for therapeutic application. A
study was then performed to address the challenge of
tumor-targeted delivery of the miRNA, since systemic
delivery would ultimately be required to target metastatic
disease. Due to the fact that EV characteristics are thought
to reflect those of the cell of origin, and they have the
capacity to transfer genetic material between cells, there has
been a surge of interest in their potential as therapeutic
agents in the cancer field [34]. We successfully engineered
MSCs to secrete EVs enriched with miR-379 and then
investigated the potential therapeutic impact of the MSCs,
or cell-free EVs derived from the cells, on breast tumor
progression in vivo. Administration of EVs derived from
either cell population was well tolerated in vivo with no
adverse effects observed. Previously published studies have
relied on indirect quantification of EVs based on protein
quantification [27, 35–37]. As the field has rapidly evolved,
it has become clear that there is no correlation between
protein quantity and the number of EVs in a sample. In this
study, we quantified the particles administered based on
NTA which supports more accurate and reproducible
results. However, this may not reflect a clinically relevant
dose and there is no previous literature to which to refer for
comparison. Dose escalation studies will be essential in
determining an effective and clinically relevant dose of
EVs.

Although EV isolates were characterized and met the
standard criteria of exosomes in terms of size, morphology,
and protein expression, there is a move to referring to
vesicles simply as EV, recognizing the heterogeneity of all
isolates, while providing detailed descriptions of the meth-
ods used for isolation and specific characterization criteria
[38]. As the number of studies in this area has increased, it
has been recognized that there is an urgent need for robust
transparent reporting to ensure this field can fulfill its
immense potential. Thus, EV-METRIC consists of experi-
mental parameters which include isolation methods, protein
characterization, and electron microscopy of vesicles, which
should be described in detail to support reproducibility of
results [38].

While no significant impact on tumor growth was seen
following administration of the engineered MSCs, systemic
administration of miR-379-enriched EVs caused a sig-
nificant reduction in tumor activity over the 6 weeks of
monitoring. Since MSCs play an important role in tissue
regeneration and secrete a range of cytokines and chemo-
kines, the authors speculate that other factors secreted by
the cells may have negated any potential tumor suppressive
effect of secreted EV-379, which may explain why EV-379
in the absence of other MSC-secreted factors had a tumor
suppressive effect. These data suggest a therapeutic impact
of systemically administered EVs. While it is possible to

engineer the surface content of EVs to attain targeted
delivery of miRNAs [36, 37], native MSC-secreted EVs
may reflect the tumor-homing capability of the parent cell.
In the current study, EVs were isolated from MSCs fol-
lowing culture in EV-depleted media. This ensured that any
isolated EVs were derived from the cells and not serum.
NTA and TEM analysis also ensured that EVs were singly
dispersed and free of any apparent protein aggregates.
However, the potential impact of serum components on EVs
is an important consideration for clinical implementation,
and needs to be carefully evaluated in the future.

Further studies are required to elucidate the fundamental
characteristics of EVs derived from MSCs and other sources
that govern the migratory itinerary and impact of the vesi-
cles. This study represents an important proof of principle
of the potential of MSC-derived engineered EVs in the
breast cancer setting. The potential impact of the immune
system has yet to be addressed. One study implemented
systemic delivery of xenogenic adipose MSC-derived EVs
into a rat model [39]. This study stated that no immune
reaction was evident in the brain, heart, lung, liver, and
kidney of the animals. This would suggest that EVs derived
from immune privileged MSCs may reflect that capacity. A
recent study showed that CD47 expression on exosomes
derived from MSCs reduced immune clearance and resulted
in improved targeting of oncogenic KRAS in the pancreatic
cancer setting [40], further strengthening the rationale for
using MSC-derived EVs as therapeutic delivery vehicles.

Tracking of systemically administered EVs would allow
for biodistribution of the vesicles to be determined and
improve understanding of any off-target effects. Importantly
in the context of metastatic breast cancer, it has been shown
in zebrafish that engineered EVs can efficiently cross the
blood brain barrier [41]. EVs have also been revealed to aid
in the establishment of a pre-metastatic niche [27], and EVs
enriched with tumor suppressor miRNAs may thus offer
systemic benefits through inhibition of remodeling of pre-
metastatic sites. There has been some progress in attempts
to track exosome migration in vivo using IVIS [36, 42], and
employing radiolabeling in conjunction with SPECT/CT
imaging [43]. Refinements in approaches such as these are
required to fully understand the migratory itinerary and
mechanism of action of EVs in the circulation; however, the
sensitivity required to image vesicles on a Nano scale is
currently difficult to achieve.

We have demonstrated that miR-379 is a potent tumor
suppressor in breast cancer, the impact of which is mediated
in part through regulation of COX-2. Engineering MSC-
secreted EVs with miR-379 holds exciting potential as a
novel therapy for the disease. Consistent repeated treatment
of mice with EVs may serve to further improve the ther-
apeutic response witnessed. This study had a follow-up of
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6 weeks, and while longer than previously reported, will
need to be extended further to detect any potential resur-
gence of disease or longer-term side effects. The natural
ability of EVs to shuttle miRNAs between cells and to cross
biological barriers represents a potentially exciting delivery
mechanism for novel therapy of metastatic disease.

Materials and methods

Ethics statement and patient samples

Experiments involving human tissue samples were
approved by the institutional Clinical Research Ethics
Committee (University Hospital Galway). Patients provided
written informed consent for use of samples, and all work
was performed according to the principles of the Declara-
tion of Helsinki [44]. Tissue samples (n= 18) were har-
vested in theater at University Hospital Galway and
included n= 9 breast tumor biopsies and n= 9 matched
lymph node metastases from the same patients. Samples
were preserved immediately in RNAlater® (Qiagen) and
subsequently stored at −80 °C.

Culture of breast cancer cell lines and MSCs

T47D and HCC-1954 (HCC) breast cancer cell lines were
used (LGC Limited, UK). Both cell lines were routinely
cultured in RPMI-1640 media containing 10% fetal bovine
serum (FBS) and 100 IU/ml penicillin and 100 µg/ml
streptomycin (Pen/Strep). The cells are authenticated every
2 years using single tandem repeat profiling performed by
LGC limited, most recently in March 2017, and were
mycoplasma free.

Following ethical approval and informed consent, adult
human MSCs were isolated from bone marrow aspirates
(iliac crest) of healthy volunteers by collaborators in the
Regenerative Medicine Institute at NUI Galway, in accor-
dance with a defined clinical protocol [45, 46]. MSCs were
isolated by Percoll gradient centrifugation, and the cell
antigen profile and differentiation capacity confirmed prior
to use [45]. MSCs were routinely cultured in α-minimum
essential medium supplemented with serotyped 10% FBS,
Pen/Strep, and 1 ng/ml fibroblast growth factor. Cells were
used at passages 4–6.

Lentiviral transduction of breast cancer cells and
MSCs

Breast cancer cell lines and MSCs were stably transduced to
express miR-379 (T47D-379, HCC-379, MSC-379) or a
scramble non-targeting control sequence (T47D-NTC,

HCC-NTC, MSC-NTC). The lentiviral particles
(SMARTchoice shMIMIC) were purchased from GE
Healthcare Dharmacon Inc., and contained a Turbo-RFP
promoter, puromycin resistance gene and human cytome-
galovirus promoter. Cells were transduced in serum-free
media supplemented with 2 µg/ml Hexadimethrine bromide
(Polybrene, Sigma-Aldrich) at a multiplicity of infection
(MOI) of 2 for 6 h. To improve transduction efficiency of
MSCs, the cells were centrifuged with the virus for 90 mins
at 2000×g. Media were replenished and transduced cells
were selected in media containing 4 µg/ml puromycin
(Sigma-Aldrich) for 7 days. RFP expression in live cells
was visualized 48 h following transduction using an EVOS
FL Cell Imaging System (Thermo Fisher Scientific).

For bioluminescent in vivo imaging, HCC cells were
transduced under the same conditions (MOI 2, 2 µg/ml
polybrene) to express a luciferase gene (HCC-luc). These
lentiviral particles expressed a red-shifted Luciola Italica
luciferase transgene, under the control of the ubiquitin C
promoter (RediFect Red-FLUC-Puromycin Lentivral parti-
cles, Perkin Elmer).

EV isolation

EV-depleted media was generated through the use of FBS
that had been filtered through a 0.22 µm filter with sub-
sequent ultracentrifugation (Hitachi Koki himac, micro-
ultracentrifuge CS150FNX; rotor S50A-2152) at
100,000×gfor 16 h. MSC conditioned media were removed
and underwent differential centrifugation at 300×g and
2000×g for 10 min, respectively, prior to microfiltration
(0.22 µm) and ultracentrifugation at 100,000×g for 70 min.
Isolated EVs were re-suspended in PBS.

EV characterization

Nanoparticle tracking analysis

Isolated EVs were diluted as required and analyzed using a
Nanosight ns500 (Malvern), where molecules in the size
range of 30–150 nm were quantified using a 405 nm laser
source and EMCCD camera, running NTA software version
3.1 with concentration package upgrade. Five analyses of
60 s were recorded for each sample according to the man-
ufacturer’s protocols [47, 48].

Transmission electron microscopy

TEM was performed as previously described, with the pri-
mary fixative added to conditioned media prior to the
ultracentrifugation step [9]. A Hitachi H7000 Transmission
Electron Microscope was used for image capture.
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Western blot

Protein was quantified using a Pierce™ BCA protein Assay
Kit (Thermo Fisher Scientific), followed by western blot
analysis as previously described [9]. Once transferred to a
nitrocellulose membrane, an antibody targeting the
exosome-associated protein CD63 (1:1000 overnight incu-
bation; Abcam ab59479) was used with the secondary
antibody horseradish peroxidase (HRP)-labeled goat anti-
rabbit (1:3000; 1.5 h of incubation at room temperature
(RT); Abcam ab6721). COX-2 protein was also analyzed in
the cell lysates (1:1000 dilution; Abcam ab52237; overnight
4 °C) with the same secondary antibody conditions used.
Clarity™ Western ECL (Bio-Rad Laboratories) chemilu-
minescent substrate solution was added to the membrane
and blots were visualized with the ChemiDoc Imaging
System (Bio-Rad Laboratories).

RNA extraction and RQ-PCR

Tissue specimens, cell pellets, or exosomes were disrupted
using the MagNA Lyser Instrument (Roche), according to
the manufacturers’ instructions. RNA was extracted using
MagNA Pure Isolation (Roche) extraction process as per the
manufacturer’s instructions, and stored at −80 °C.

Gene (COX-2) and microRNA (miR-379) expression
analysis was performed as previously described using
TaqMan® assays and Universal Mastermix (Applied Bio-
systems) [6]. The relative quantity of mRNA and miRNA
expression was calculated using the comparative cycle
threshold (ΔΔCt) [49]. miR-379 was expressed relative to
endogenous controls let-7a and miR-16 [50]. COX-2 was
expressed relative to Mitochondrial Ribosomal Protein L19
(MRPL19) and Peptidyl-Prolyl Isomerase A (PPIA) [51].
An inter-assay control was employed on each plate, and all
samples were analyzed in triplicate (standard deviation
<0.3).

Protein analysis

Simultaneous detection of a range of proteins associated
with angiogenesis was performed using the Proteome Pro-
filer™ array (Human Angiogenesis Array, R&D Systems®)
following the manufacturer’s instructions. 300 µg of protein
lysate from HCC-379 or HCC-NTC cells was analyzed and
images acquired using the Chemidoc imaging system (Bio-
Rad laboratories). Each duplicate spot represents detection
of a specific angiogenic protein. Relative levels of factors
detected were quantified by densitometry, following sub-
traction of background levels. The presence reference spots
supported normalization of variance between membranes.
Results were expressed in RDUs.

Analysis of impact of miR-379 on breast cancer
in vivo

The study was approved by the Animal Ethics Committee
(National University of Ireland Galway) and Project
Authorization was granted by the Health Products Reg-
ulatory Authority (HPRA) of Ireland. Female athymic
BALB/c Nude mice (Charles River Laboratories Ltd.) aged
between 6 and 8 weeks were employed. Mice were
implanted with 60-day release estradiol pellets (Innovative
Research of America) to support growth of estrogen
receptor (ER)-positive T47D tumors. Mice received a right
flank subcutaneous injection of 2.5× 105 T47D-379 (n= 5)
or T47D-NTC (n= 5) suspended in 150 µl RPMI medium.
To establish ER-negative HCC-1954 tumors, mice received
a mammary fat pad (MFP, second thoracic) injection of
3.5× 106 HCC-NTC (n= 10) or HCC-379 (n= 10) cells
suspended in 200 µl RPMI medium. Sample size was
determined using a power calculation based on data col-
lected in studies previously performed and published by this
group [52, 53]. Cell injections were performed using a 24-
gauge needle and 1 ml syringe. Tumor growth was mon-
itored, and at the appropriate time animals were killed by
CO2 inhalation (T47D tumors week 9; HCC-1954 tumors
week 5). No blinding was done during the live phase.
Tumor tissue was harvested if present, and preserved in
RNAlater or 10% formalin until required for RNA extrac-
tion or IHC respectively.

In vivo co-registered photoacoustic–ultrasound
imaging

A combined photoacoustic (PA) and ultrasound (US) ima-
ging system with a 21MHz central detection frequency
linear-array transducer probe was employed for in vivo
tumor imaging (VEVO LAZR VisualSonics Inc., Toronto,
Canada). The 21MHz probe (13–24MHz broadband fre-
quency) provides an axial resolution of 75 μm, imaging
depth up to 20 mm, and imaging width up to 23 mm.
Aquasonic® 100 ultrasound gel was used to acoustically
couple the mouse skin to the probe for PA and US scans. To
estimate oxygen saturation (sO2), PA imaging was per-
formed at 750 and 850 nm wavelengths.

Immunohistochemistry and fluorescence microscopy

Tissue samples were prepared for embedding in a Leica
ASP300 tissue processor. Paraffin-embedded tumor tissues
were cut into 5 µm sections and subsequently stained with
H&E or prepared for IHC. IHC was performed using the
Ventana Discovery system with antigen retrieval carried out
using the provided cell conditioning solution at pH 8.5.
Sections were probed with a COX-2 antibody (1:200

2146 K. P. O’Brien et al.



dilution, Abcam ab52237, 37 °C for 1 h), and a goat anti-
rabbit HRP secondary antibody (1:500 dilution, Abcam
ab6721, 30 min at RT). Detection was performed using the
DISCOVERY DAB Map detection kit. Cells were coun-
terstained with hematoxylin and a bluing reagent, and
mounted using DPX mounting medium.

To detect RFP-MSCs in tumor tissue following IV
injection, 5 µm thick tumor sections were prepared and
protected from light at all times. Sections were fixed in 4%
paraformaldehyde for 15 min, stained using 4′,6-diamidino-
2-phenylindole (DAPI, 1 μg/ml), and mounted in DPX
mounting medium as previously described [53]. Cells were
visualized using a fluorescence microscope (Olympus IX81-
ZDC).

Impact of miR-379 therapy in vivo

Female BALB/c Nude mice (6–8 weeks old, Charles River)
received an injection of 1× 107 HCC-luc cells into the
fourth inguinal MFP. Once palpable tumors detectable by
IVIS imaging had formed, mice were divided into four
groups with a range of equivalent tumor sizes in each. Mice
received IV tail vein injections of the following: group 1 (n
= 8): 1× 106 MSC-379; group 2 (n= 8): 1× 106 MSC-
NTC; group 3 (n= 8): four repeat doses of 2.6× 107 EVs
derived from MSC-NTC cells; and group 4 (n= 8): four
repeat doses of 2.6× 107 EVs derived from MSC-379 cells
(timeline Fig. 6). Disease progression was monitored using
IVIS (Perkin Elmer) following intraperitoneal injection of
luciferin at 150 mg/kg.
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Abstract: There remains an urgent need for novel therapeutic strategies to treat metastatic cancer,
which results in over 8 million deaths annually worldwide. Following secretion, exosomes are
naturally taken up by cells, and capable of the stable transfer of drugs, therapeutic microRNAs and
proteins. As knowledge of the biogenesis, release and uptake of exosomes continues to evolve, and
thus also has interest in these extracellular vesicles as potential tumor-targeted vehicles for cancer
therapy. The ability to engineer exosome content and migratory itinerary holds tremendous promise.
Studies to date have employed viral and non-viral methods to engineer the parent cells to secrete
modified exosomes, or alternatively, to directly manipulate exosome content following secretion.
The majority of studies have demonstrated promising results, with decreased tumor cell invasion,
migration and proliferation, along with enhanced immune response, cell death, and sensitivity to
chemotherapy observed. The studies outlined in this review highlight the exciting potential for
exosomes as therapeutic vehicles for cancer treatment. Successful implementation in the clinical
setting will be dependent upon establishment of rigorous standards for exosome manipulation,
isolation, and characterisation.

Keywords: exosomes; cancer; therapy; microRNA; electroporation; lipofection; viral

1. Introduction

Metastasis is the leading cause of cancer related deaths worldwide, thus novel tumor-targeted
therapeutic strategies are urgently required. In 2012, there was an estimated 14.1 million new cancer
cases globally, with approximately 8.2 million deaths [1]. While cell-based therapies are promising,
significant safety issues remain in relation to activation of a toxic host immune response [2]. There
has been much progress in regards to gene therapy in recent years with many different vectors
investigated [3]. Exosomes contain a range of proteins, lipids, mRNAs and microRNAs (miRNA) [4]
and are naturally taken up by cells in order to deliver these contents to recipient cells [5–8]. Increased
understanding of this process has spurred a rapid expansion of research in this field, investigating
the use of exosomes as vehicles to transport therapeutic microRNAs, proteins or drugs directly to
tumor cells. Exosomes provide a relatively stable environment for the therapeutic agent of choice,
have the potential to be modified to improve cell specific homing, and have the ability to fuse with
the plasma membrane of cells allowing therapy to directly enter the cell. Allogenic exosomes are
thought to allow for decreased immune response, potentially overcoming one of the main challenges
of cell-based therapies [9]. The ability to engineer exosome content and migratory itinerary holds
tremendous promise. Studies to date have employed viral and non-viral methods to engineer the
parent cells to secrete modified exosomes, or alternatively, to directly manipulate exosome content
following secretion. While the majority of studies have focused on engineering exosome content, there
is also growing interest in mechanisms to modify the exosome surface to facilitate targeted uptake
by tumor cells, while sparing healthy cells. Understanding factors controlling packaging of exosome
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content, release, and uptake by target cells will be key to successful translation of this exciting approach
to the clinical setting.

2. Direct Modification of Isolated Exosomes for Cancer Therapy

The majority of studies investigating drug loading into exosomes have used non-viral methods
such as liposomes, incubation, and electroporation (Table 1). Electroporation takes advantage of the
exosomes porous structure. The drug of choice is placed in suspension with the exosomes, which
then have an electric field applied. This allows the drug to enter the exosomes through pores created
by the electric field. The concentration of exosomes ranges from 0.07–0.5 µg/µL per electroporation,
with successful uptake seen in many studies at varying voltages [4]. However, limitations have
been encountered when loading exosomes using this method, including precipitation of siRNA,
and poor efficiency of DNA transfer [10,11]. Another non-viral method by which exosomes can
be modified is by simple incubation, employed in many studies investigating exosomes altered to
carry drugs. Either the parent cells are incubated with the drug or the exosomes are first isolated
and then incubated with the drug; however, the molecular size of the drug must be small enough
to penetrate the exosome membrane [4]. Several studies investigating exosomes in cancer research
use chemically-based methods, e.g., Lipofection, to modify the exosomes. Lipofection is commonly
used because it is highly reproducible, effective and simple for transient expression of the transfected
material [12]. However, disadvantages include a low transfection efficiency, and, in the case of cell
manipulation, there is a high dependence on cell division [13]. A paper published recently examined
the optimal way of loading exosomes before administration into a tumor-bearing model [9]. The
potential of macrophage-derived exosomes to deliver paclitaxel (PTX) to multiple drug resistant
cancers was assessed (Table 1). Exosomes were loaded by incubation, electroporation and sonication
using exosomes released by macrophages. In vitro, it was found that sonication resulted in sustained
drug release and high loading efficiency when compared to the other methods. More importantly,
however, it was discovered that exosomes increased the cytotoxicity of PTX more than 50 times. In vivo,
complete co-localization of airway-delivered exosomes with lung metastases was demonstrated with a
significant inhibition of growth of metastases seen in the treatment group [9].

Dendritic cells (DC) have the unique capability of inducing both primary and secondary immune
responses. Therefore, exosomes derived from DCs have been extensively investigated for their
contribution to immune modulation, resulting in three early phase clinical trials investigating their
potential as cell free vaccines for cancer [14–16] (Table 1). DC exosomes were first investigated as a
cell free vaccine in 1998 [17], when it was discovered that DCs secrete exosomes that express T-cell
costimulatory molecules and functional Major Histocompatibility Complex (MHC) classes I and II.
The study compared the injection of DCs into a tumor-bearing model to cell-free injection of exosomes
derived from immature DCs. In the group receiving exosomes alone, a potent effect was observed, with
delayed tumor growth as well as complete regression of the tumor in 60% of mice. DC exosomes pulsed
with tumor peptides (GM-CSF and IL-4) were also employed in vivo, which resulted in suppression
or eradication of the established tumor. The results of the study spurred several other investigations
into the potential of using exosomes as a cell free vaccine [17–19]. This then progressed to a Phase
I clinical trial in 2005, investigating the potential of DC derived exosomes as a vaccination against
metastatic melanoma [15]. The trial highlighted the safety of exosome administration as well as the
feasibility of clinical scale exosome production. Patients received four cycles of therapy, with minor
responses seen in four out of the 15 patients. As it was a Phase I trial, tolerance and toxicity were
the primary focus, with no adverse effects observed in any patients. The trial concluded that the
hypothesis deserved further investigation in the patient setting. Subsequently, the authors investigated
a potential alternative effector mechanism and received positive results [20]; however, no follow up
clinical trial investigating the amended vaccine has since been reported.
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Table 1. Studies employing exosomes without genetic modification for the treatment of cancer.

Exosome Source Setting Therapy Tumour Study Outcome Reference

Macrophages
(RAW 264.7) In Vivo PTX/DOX Lung Mets Exosomal PTX preferentially accumulated

in cancer cells [9]

Ascites-derived Clinical
trial

AEX alone or
AEX + GM-CSF Colorectal

AEX + GM-CSF was safe, nontoxic,
tolerable, and induced a beneficial

tumour-specific anti-tumour CTL response
[14]

Dendritic cells Clinical
trial

MHC Class II
peptides Melanoma

Large scale exosome production was
feasible and exosome administration was

safe and well tolerated
[15]

Dendritic cells Clinical
trial

MAGE (tumour
antigens) Lung

Therapy well tolerated with some
experiencing long term stable disease and

activation of immune effectors
[16]

Dendritic cells In Vivo IL-4 + GM-CSF Breast
Eradication/suppression of growth of

pre-established tumours in a T-cell
dependant manner

[17]

Dendritic cells In Vivo MHC Class I Melanoma MHC Class I restricted CD8+ T-cell
expansion and differentiation [18]

Dendritic cells In Vivo CpG Adjuvant Melanoma
Combination of exosomes and TLR 3 + 9
triggered efficient MHC-restricted CD8+

T-cell responses
[19]

Dendritic cells In Vivo DC-Exo alone Melanoma

DC-Exo promoted IL-15Rα- and
NKG2D-dependent NK cell proliferation

and activation which resulted in
anti-metastatic effects

[20]

Dendritic cells In Vitro DC-Exo alone Breast
Incorporation of DC-Exo by tumour cells
increased ability to activate T-cells for a

more effective response
[21]

Brain endothelial
cells In Vivo rhodamine 123,

PTX, DOX Brain
Exosome delivery allowed DOX and PTX

to cross the BBB which resulted in
cytotoxicity against U-87 MG cells

[22]

Abbreviations: AEX—Ascites-derived exosomes; GM-CSF—granulocyte-macrophage colony-stimulating factor;
CTL—cytotoxic T lymphocyte; PTX—Paclitaxel; Dox—Doxorubicin; IL—Interleukin; MAGE—Melanoma-associated
antigen; DC—Dendritic Cell.

A further Phase I clinical trial investigating DC exosome-based immunotherapy for advanced
non-small cell lung cancer was published in 2005 [16]. This study showed similar results, in that the
therapy was well received with some stability of the disease seen; however, progressive clinical trials
have not been published since. In 2007, a Phase I clinical trial focused on using exosomes derived
from autologous ascites with/out granulocyte-macrophage colony-stimulating factor (GM-CSF) for
colorectal cancer therapy. This study was larger than the other clinical trials with almost 40 patients
completing the study. The group that received exosomes in combination with GM-CSF demonstrated
a tumor specific anti-tumor cytotoxic T lymphocyte (CTL) response. Although the study had a
promising outcome, there was no follow up trial further investigating the therapy [14]. Recently, a
group investigated the potential of DC exosomes in vitro as a treatment for breast cancer and found
that the incorporation of DC exosomes by tumour cells increased T-cell activation when compared to
the control group [21].

Many drugs cannot cross the blood brain barrier (BBB), restricting efficacy of many therapies
for metastatic disease. Therefore, it was investigated as to whether exosomes derived from brain
endothelial cells could carry a drug across the BBB [22]. Exosomes were isolated and incubated
with doxorubicin and paclitaxel. The fluorescent label rhodamine 123 was used to monitor exosome
migration following injection into the cardinal vein of zebrafish. This revealed that the exosomes
efficiently delivered drugs across the BBB into the brain. When applied to a brain cancer model, it was
found that there were fewer labelled cancer cells in the brain of the treated group compared to the
control group. This shows that engineered exosomes can efficiently deliver cancer drugs across the
BBB and may potentially be used for treatment of brain cancers or metastases [22].
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Although investigators continue to look at the potential for direct modification of native exosomes,
the majority of research in this field now focuses on engineering the parent cell to secrete genetically
modified exosomes.

3. Genetic Engineering of Exosomes

Due to the small size of exosomes, many investigators engineer the donor cell followed by the
isolation of exosomes containing the gene or drug of interest [4]. Exosomes have been modified to
carry a range of contents (Table 2). Gene delivery is achieved using either non-viral or viral methods,
and different methods have been investigated attempting to optimise the most efficient loading of the
exosomes. Exosomes leave the cell through the endosomal pathway, and viruses have been known
to hijack this pathway and use it for their own benefit [23]. By manipulating this process, exosomes
can be engineered to carry a gene or drug of interest using a virus to “load” the exosomes. However,
the donor cell needs to be chosen carefully as it is known that exosome characteristics and contents
will reflect the cell of origin. Many studies have used tumour derived exosomes; however, little is
known about the role exosomes play in the premetastatic niche, and whether these exosomes will
have potential negative effects [24,25]. There are two main types of viral vectors used: retroviral
and adenoviral. Retroviral vectors (including Lentiviral) transduce cells with a high efficiency and
can achieve sustained transgene expression; however, they carry a risk of insertional mutagenesis.
Adenoviral vectors can be used to transduce both dividing and non-dividing cells to allow transient
expression; however, humans have developed an immune response to the adenoviral gene, which
limits the re-administration of the same vectors [26]. A core benefit to using exosomes isolated from
these cells is that it is then not necessary to directly administer virus to patients.

3.1. Modifying the Surface of Exosomes

The surface of exosomes has been modified to support tumour-targeted delivery of contents,
which will be critical in the setting of metastatic disease. Exosomes derived from a human embryonic
kidney cell line (HEK293) were engineered to express the GE11 peptide and microRNA Let-7a (Table 2).
GE11 binds to Epidermal Growth Factor Receptor (EGFR), which is displayed by a number of
tumours of epithelial origin. The exosomes were labelled with the near-infrared dye Xenolight
DiR (1,1′-dioctadecyltetramethyl indotricarbocyanine Iodide) and injected intravenously into tumour
bearing mice. The migratory itinerary of exosomes was then monitored using an In Vivo Imaging
System (IVIS) both in vivo and ex vivo, and it was found that three times more GE11 exosomes
reached the tumour when compared to the control group. This work then progressed to determining
whether the GE11 exosomes could deliver a tumour suppressive miRNA, Let-7A, directly to the
tumour. Exosomes were administered to mice via tail vein injection. Tumour growth was measured
following four sequential injections of 1 µg exosomes weekly for four weeks, with effective suppression
of tumour growth observed in the Let-7a treated group when compared to the control group [27].

Surface modification has also been employed with exosomes derived from murine immature
dendritic cells. The cells were engineered to express the exosomal membrane protein Lamp2b fused to
αγ integrin-specific iRGD peptide [28]. Isolated exosomes were then loaded with Doxorubicin (Dox)
using electroporation, with an encapsulation efficiency of up to 20%. The engineered exosomes were
then injected intravenously and shown to deliver Dox to tumours, resulting in inhibition of tumour
growth [28].

Bellavia et al. [29] also engineered HEK293T cells to express Lamp2B, in this case in conjunction
with the IL3-receptor, which is overexpressed in Chronic Myeloid Leukemia (CML). IL3-Lamp2B
(IL3L) exosomes were loaded with either Imatinib or BCR-ABL siRNA. CML bearing mice were then
treated with either IL3L Imatinib exosomes or IL3L BCR-ABL siRNA exosomes twice weekly for three
weeks. Animals that received the IL3L exosomes had improved tumor targeting, when compared to
exosomes without the surface modification. Although not significant, a marked reduction in tumor
size was also observed in the Imatinib group, with slower tumor growth seen in the BCR-ABL siRNA
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animals [29]. Together, these studies support the approach of modifying exosomes with a targeting
ligand on the surface to allow direct targeting of tumors [27–29].

Tumour Necrosis Factor (TNF)-related apoptosis-inducing ligand (TRAIL) is one of a family
of “death receptors”, capable of inducing apoptosis in cancer cells but not normal cells. A group
recently transduced k562 leukaemia cells with human TRAIL to create TRAIL+ secreted exosomes.
In vitro TRAIL+ exosomes were found to induce apoptosis in melanoma and lymphoma cell lines [30].
In vivo, the exosomes homed to the site of the tumour with accumulation in the lungs, liver and
spleen. In tumour bearing mice, it was found that the engineered exosomes induced necrosis and
vessel damage in the myeloma and melanoma tumour groups, but no significant reduction in tumour
volume was observed. However, the lymphoma group had a significant reduction of tumour growth
when compared to the control groups [30]. It was suggested by the authors that the reasoning for the
results observed were that only a fraction of the administered exosomes actually homed to the site
of the tumour, with large amounts becoming trapped in major organs. The study showed success in
sensitive cancers; however, the method of administration needs to be optimized to allow the exosomes
to reach tumour.

Yuan et al. [31] also generated TRAIL+ exosomes, in this case derived from engineered
Mesenchymal Stem Cells (MSCs). TRAIL+ exosomes were demonstrated to effectively induce apoptosis
in a range of cancer cell lines including lung, pleural mesothelioma, renal, breast and neuroblastoma.
The effects seen could be blocked through caspase activity inhibition or TRAIL neutralisation. While no
toxicity was observed in control healthy cells, TRAIL+ exosomes were capable of inducing apoptosis
even in TRAIL—resistant cancer cells, an effect that was further enhanced using a CDK9 inhibitor.
This promising data warrants further investigation in vivo.
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Table 2. In vivo and in vitro studies using modified exosomes for cancer therapy.

Exosome Source Setting Therapeutic Agent Tumour Model Study Outcome Reference

Kidney cells (HEK293) In Vivo GE11 peptide + Let-7a Breast Tumor targeted delivery of Let-7a suppressed tumour growth [27]

Dendritic cells In Vivo Lamp2b fused to αγ

iRGD peptide + DOX Breast Significant inhibition of tumour growth, with no overt toxicity [28]

Kidney cells (HEK293T) In Vivo Lamp2b IL3 + Imatinib or
BCR-ABL siRNA

Chronic Myeloid
Leukemia

IL3L surface improved tumor targeting. IL3L-Imatinib: reduced tumor
size; IL3L BCR-ABL siRNA: slower tumor growth [29]

Breast cancer (Hs578T) In Vitro miR-134 Breast Increased miR-134 significantly reduced STAT5B, Hsp90 and Bcl-2 levels
resulting in reduced cellular proliferation [32]

HUVECs In Vitro Pre/anti-miR-503 Breast Increased miR-503 decreased both proliferation and invasion. [33]

Leukemia cells (THP-1) In Vivo miR-143 Colon Increased miR-143 levels in tumours resulted in suppression of growth. [34]

AMSCs In Vivo miR-122 Hepatocellular carcinoma Cancer cells were rendered sensitive to chemotherapy through
miR-122 expression [35]

MSCs In Vivo miR-146b Glioma Intra-tumoural exosome injection significantly reduced tumour volume [36]

Mouse colon (CT26) &
breast (TA3HA) In Vivo hMUC1 Colon Tumour size was reduced by MUC-1. CT26-MUC-1 higher dose and

TA3HA-MUC-1 lower dose showed best results. [37]

Lung cancer (A549) In Vivo Rab27a Adenocarcinoma Immunization with Rab27a significantly inhibited tumour growth, with
similar results seen in pre-established tumours [38]

Mouse Bone Marrow
Cells In Vivo α-Galactosylceramide Melanoma Induced an early iNKT-cell response, dendritic cell, MZB cell activation

as well as NK- and T-cell activation and proliferation [39]

MSCs In Vitro Anti-miR-9 Glioblastoma mutliforme
(GBM)

Reverse expression of miR-9 sensitized the GBM cells to TMZ which
increased cell death and caspase activity [40]

Colon (LS-174T) In Vitro IL-18 Colon Exo/IL-18 can chemoattract DCs and T cells which induces IFN-γ
augmented release of IL-2 and promoted T-cell proliferation [41]

Mouse thymoma
(E.G7-OVA) In Vivo Ovalbumin, IL-2 Thymoma Induced antigen specific Th1-polarized immune response and CTL more

efficiently resulting in tumour regression [42]

Leukemia (K562) In Vivo TRAIL B Lymphoma; Melanoma Inhibition of tumour growth was seen in both groups, although not
significantly in the melanoma group [30]

MSC In Vitro TRAIL Variety of cancer cell lines Induction of apoptosis in range of cancer cell lines, including some
TRAIL resistant cells. Effect enhanced through use of CDK9 inhibitor. [31]

Abbreviations: Dox—Doxorubicin; AMSC—Adipose derived Mesenchymal Stem Cells; HUVEC—Human Umbilical Vein Endothelial Cells; TRAIL—Tumour Necrosis Factor related
apoptosis-inducing ligand.
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3.2. Genetic Engineering of Exosome Content

Exosomes naturally carry genetic material and much research is now focused on taking advantage
of this, with many cancer-based studies investigating exosomal therapy using microRNAs (miRNAs)
(Table 2). MiRNAs are small (19–22 nts) non-coding RNAs, that target mRNAs usually through binding
to the 3′ untranslated region. Once bound, the miRNAs either silence or degrade the RNA of interest
thus preventing translation to protein [43]. MiRNAs contribute to most biological functions and were
discovered to play a role in cancer in the early 2000s [44]. MiRNAs have since been demonstrated
to play both tumour suppressing and oncogenic roles [45,46]. Exosomes act like a shield keeping
the miRNAs intact and fully functional when transferred to recipient cells [43]. Therefore, there has
been a rapid expansion in the number of studies investigating the potential of exosome-mediated
delivery of miRNAs or anti-miRNAs as a therapy. Exosomal miRNAs have been investigated in
relation to breast cancer in vitro. O’ Brien et al. [32] found that miR-134 was downregulated in breast
tumours and played a role in controlling Hsp90; therefore, the potential to use the miRNA as a
tumour suppressor in vitro was determined. An invasive breast cancer cell line was modified to
overexpress miR-134 and secreted exosomes were then isolated. Exosomes enriched with miR-134
reduced Hsp90, cellular invasion and migration in recipient breast cancer cells, and also enhanced
sensitivity to anti-Hsp90 drugs. Bovy et al. [33] employed miR-503 enriched exosomes isolated from
endothelial cells and demonstrated impaired tumor cell proliferation and invasion in vitro. Both
studies highlighted promising potential of exosome encapsulated tumour suppressing miRNAs for
the treatment of cancer.

Munoz et al. [40] focused on knockdown of an oncomiR, miR-9, which has been found to effect
sensitivity to chemotherapy. The miRNA has been found to be increased in glioblastoma multiforme
(GBM) cells that are resistant to temozolomide (TMZ). Therefore, it was suggested that by decreasing
the expression of miR-9, the cells would become more sensitive to TMZ. MSCs were transduced with
anti-miR-9 and then cultured indirectly with GBM cells separated by a transwell membrane (0.4 µm).
MSCs transferred the anti-miR-9 to GBM cells through exosomes, with no transfer observed when
the release of exosomes was blocked using 2.5 µmol/L manumycin A. Further analysis showed that
anti-miR-9 effectively sensitized the GBM cells to TMZ with an increase in caspase activity and cell
death [40].

Several in vivo studies have also been performed with promising results (Table 2). THP-1
macrophages were transfected with miR-143 and secreted exosomes subsequently isolated.
The exosomes were intravenously injected into mice bearing colon cancer daily for two days at
1–5 × 105 exosomes per injection. It was found that miR-143 expression was significantly increased
in the tumour, kidneys and serum of animals. Effective suppression of tumour growth was also
observed [34].

MiR-146b has been found to silence EGFR and to reduce invasion and motility of glioma cells;
however, expression of this miRNA is lost in the majority of glioma tumours. Katakowski et al. [36]
investigated miR-146b as a potential tumour suppressor in glioma. Mesenchymal Stem Cells (MSCs)
were transfected with miR-146b using electroporation, and secreted exosomes administered via
intra-tumoural injection into a rat model of glioma (50 µg total protein), five days after tumour
implantation. Rats that received the miR-146b exosomes displayed a significant reduction in tumour
volume after only one injection when compared to the control groups.

The impact of exosome encapsulated miRNAs on tumor chemosensitivity has also been
investigated. Hepatocellular carcinoma (HCC) has been found to display a resistance to
chemotherapies such as 5-fluorouracil (5-FU) and doxorubicin. Loss of miR-122 in patients with
HCC has been linked with disease metastasis and poor prognosis [35]. Over expression of miRNA-122
in a mouse model was found to inhibit tumourigenic properties and also sensitize the cells to
chemotherapies such as sorafenib and doxorubicin. It was then investigated whether Adipose derived
MSCs (AMSCs) could be modified to express miR-122 and secrete exosomes enriched with the miR
to restore HCC chemosensitivity. Exosomes containing miR-122 were administered intra-tumourally
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to BALB/c nude mice with HepG2 tumors, combined with sorafenib treatment. One intra-tumoural
injection of exosomes significantly reduced the tumour weight and volume when compared to
the control group, showing that miR-122 AMSC exosomes could increase HCC cell sensitivity to
chemotherapy [35].

3.3. Genetically Modified Exosomes for Immune Modulation

As previously described, it has been extensively investigated as to whether native exosomes could
be used as a potential cancer vaccine; however, these studies did not genetically modify the exosomes.
Dai et al. [41] incorporated IL-18 into exosomes using a recombinant adenovirus. These exosomes
were found to be capable of promoting PBMC proliferation as well as the secretion of Th1 cytokines,
chemoattracting T and DC Cells in vitro when investigated in relation to colon cancer. Another group
investigated the effect of IL-2 and its antitumor effects [42]. EL-4 cells that were previously engineered
to over-express Ovalbumin were transfected again to overexpress IL-2. The engineered exosomes were
then isolated from these cells and injected into tumour bearing mice. The engineered exosomes could
induce an antigen-specific Th1 polarized immune response and CTL more efficiently, which resulted
in significant tumour growth inhibition [42].

Cho et al. [37] used mouse cell lines (CT26 and TA3HA) where exosomes were modified to express
human MUC1 (hMUC1) to see if they could stimulate an immunologic response in vivo. The exosomes
were isolated and confirmed to be expressing elevated hMUC1 before being intradermally injected
into BALB/c, H-2d mice. In this case, the mice were injected with tumour cells three weeks following
exosome administration, and tumour size was monitored. The engineered exosomes were shown to
stimulate immune cell activation as well as suppressing growth of hMUC1 expressing tumours.

Another study employed exosomes from A549 lung cancer cells transfected with the Ras-related
protein RAB27a [38]. BALB/c nude mice received subcutaneous injections of RAB exosomes two
weeks before being injected with A549 cells. The results showed that pre-immunization with exosomes
significantly inhibited tumour growth in vivo. The study also examined the effect of the exosomes
on pre-established tumours, with inhibitory effects seen on tumor growth [38]. In a separate study
investigating mouse melanoma, mice were treated with α-galactosylceramide/ovalbumin loaded
exosomes [39]. The exosomes were found to increase T-cell tumour infiltration, decrease tumour
growth and increase median survival when compared to the control groups. These studies combined
highlight an important role for engineered exosomes in immune modulation in the cancer setting,
which can potentially be harnessed for disease therapy.

4. Discussion

The potential to use exosomes as therapeutic agents is an exciting and rapidly evolving field
of research, with tremendous potential to impact the prognosis of patients with metastatic cancer.
However, there remain considerable challenges to be overcome, and the speed of progress must be
tempered with rigorous experimental standards and reporting to have a meaningful impact. The
studies outlined in this review highlight the variety of approaches and therapeutic agents that can be
employed for modification of exosomes, but further understanding of the fundamental biology of these
extracellular vesicles is required to support optimal utility. A basic current challenge exists in relation
to the nomenclature and definition of exosomes. Regardless of the isolation method employed, all
exosome samples are heterogeneous in nature, as other extracellular vesicles have similar characteristics
and overlap the defining size of exosomes (30–120 nm). Investigators are now encouraged to use the
more broad terminology of “Extracelllular Vesicles (EVs)” to reflect the heterogeneity of samples, while
providing specific details of the experimental protocols employed to isolate and then characterise the
EVs. This will support meaningful interpretation of data reported and reproduction of experiments to
validate findings.
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EVs hold tremendous promise in the therapeutic setting considering their relative ease of isolation
and manipulation of both the contents and migratory itinerary. The small size allows EVs to cross
barriers that cells cannot, and initial data suggests that EVs maintain an immune privilege that may be
advantageous. Understanding the differences in biology of EVs derived from different sources, and
their migratory itinerary, will be key to progress.

Until recently, the majority of studies reported EV yield or experimental dosing in microgram
(Protein) amounts. It is now known that this is not a suitable surrogate for EV quantity, as individual
EVs can contain varying amounts of protein. In addition, the majority of the investigations performed
to date have a short study timeline (up to 28 days), which must be extended as we move forward.

As our knowledge continues to evolve rapidly, it will be critical to have transparent reporting
and sharing of information. To this end, an international consortium has established “EV-TRACK”
for just this purpose, to support standardisation of EV research through systematic reporting on the
biology of EVs and the methods used for isolation [47]. The consortium created a scoring paradigm,
EV-METRIC, for publications in the EV field. This metric highlights nine components of information
that are required to support thorough interpretation and reproduction of experiments in the field.
This includes the specific parameters associated with the isolation method (e.g., ultracentrifugation
g-force, rotor), analysis of a minimum of three EV-enriched proteins, and both close up and wide-field
electron microscopy images. Successful implementation of EVs for the treatment of cancer in the
clinical setting will be dependent upon establishment of rigorous standards for EV manipulation,
isolation, and characterisation.
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