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Summary 

According to a World Health Organisation (WHO) report on 3rd March 2021, breast cancer is the 
most common form of cancer in the world and the leading cause of cancer death among females. In 
2020, 2.26 million newly breast cancer patients were diagnosed (11.7% of all cancers) and 
approximately 685 000 died worldwide from this disease. The same year, 576,337 new breast 
cancers were diagnosed in WHO Europe countries with 157,111 predicted deaths in both sexes. In 
Ireland, there are 3,433 females diagnosed with breast cancer per year (23.8% of all invasive 
cancers) with 745 deaths per year (15.2% of all cancer deaths), making breast cancer the second 
most common cause of cancer deaths. Breast cancer cannot be considered as a single disease due 
to the high heterogeneity. This type of cancer includes distinct subtypes associated with different 
clinical outcomes. Understanding this heterogeneity is fundamental for the development of targeted 
personalised medicine and therapeutic intervention. Over-expression of human epidermal growth 
factor receptor 2 (HER2) occurs in ~ 20% of breast cancers and confers aggressive behaviour and 
poorer prognosis. Thankfully, several drugs such as trastuzumab, lapatinib, pertuzumab, and 
neratinib have been developed to target HER2, potentially providing substantial benefit for many 
patients. Despite the development of HER2-targeted therapies which have improved the survival 
outcomes for HER2- positive breast cancer patients, it is estimated that up to 70% of patients with 
HER2-overexpressing tumours do not gain benefit, because of innate-, acquired- and cross-
resistance to HER2-targeted therapies; the main reason for which these drugs fail in the clinic. 
Further investigations and continued efforts are required to unravel the main effectors of resistance 
to predict the outcome of treatments and offer more therapeutic options to a wide range of patients.  
Extracellular vesicles (EVs) are a heterogenous group of cell-derived membranous structures 
present in biological fluids and involved in multiple physiological and pathological processes. 
Nowadays, EVs are considered an additional mechanism for intracellular communication, and it is 
essential to comprehend the cellular processes implicated in their biology to understand their 
physiological and pathological functions, as well as clinical applications involving their use and/or 
analysis. However, in this expanding field, much remains unknown regarding the origin, biogenesis, 
secretion, targeting, and future applications of these vesicles. Previous research performed by our 
group and others has shown that EVs are involved in transmitting resistance, and it demonstrated 
that EVs induced previously drug-sensitive cells to become drug-resistant. Specifically in cancer, 
EVs can act as intercellular mediators in tumorigenesis mechanisms including the transmission of 
resistance to anti- cancer drugs, angiogenesis, metastasis, and immunosuppression. Furthermore, 
there is evidence suggesting that EVs might bind drugs such as trastuzumab, reducing bioavailability 
of the drug to its receptor (HER2) on cancer cells. Due to that, EVs may be substantially inhibiting 
cancer patients gaining benefit from anti-cancer drugs. 
This project aims to understand the transmission of resistance to anti-cancer drugs through EVs, 
investigate neratinib-resistance mechanisms in HER2+ breast cancer, and discover new pathways 
and biomarkers associated with neratinib resistance, ultimately benefiting cancer patients. The 
project involves various objectives such as comparing EVs separation methods, analysing proteome 
profiles of neratinib-sensitive and neratinib-resistant cells, EVs characterisation derived from 
neratinib-sensitive and neratinib-resistant breast cancer cell lines, studying hypoxia's influence, 
evaluating a 3D cell culture model, surveying in vitro models in cancer research, and examining the 
effect of tucatinib on EVs’ release in breast cancer cell lines. 
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Thus, this project started by evaluating the importance of comparing EVs separation methods using 
multiple sources of conditioned medium (CM) to ensure accurate and generalisable results by 
comparing two different EVs separation methods: differential ultracentrifugation (dUC) and 
polyethylene glycol (PEG) precipitation followed by ultracentrifugation (PEG+UC). We found that 
different cell lines and separation methods resulted in variations in EVs characteristics, such as size, 
quantity, and protein content. Although both approaches showed to be reproducible methods for 
obtaining pure EVs, the inclusion of multiple CM sources is crucial for meaningful comparisons and 
generalisability of results across samples. 
Additionally, we also aimed to explore the proteomic differences between HER2-positive breast 
cancer cell lines and their neratinib-resistant counterparts developed in our group previously. We 
discovered that neratinib-resistant cell lines HCC1943 NR and SKBR3 NR, which are HER2+ER-, 
exhibited significantly lower expression of AGR2 compared to their neratinib-sensitive counterparts. 
Conversely, the luminal B breast cancer cell lines (HER2+ER+) EFM192A and EFM192A NR did not 
show the same pattern of AGR2 expression. Notably, the overexpression of AGR2 in ER-positive 
breast cancer has been linked to a poor prognosis, particularly in hormone therapy-resistant tumours. 
Therefore, the next logical step was to investigate the role of AGR2 down-regulation in the 
aggressiveness of neratinib-resistant HER2+ breast cancer cell lines. For that, we performed 
functional assays after transfecting AGR2 into neratinib-resistant cells. The results showed that 
AGR2 transfection led to changes in cell migration, invasion, anoikis-resistance, and neratinib-
resistance, as well as some alterations in the expression of EMT markers and HER2.  We also 
evaluated in this project how neratinib-resistance can affect EVs’ release and EVs’ cargo in both 
normoxia and hypoxia conditions and by using different EVs separation approaches. We found that 
neratinib-resistant cell line variants release fewer EVs compared to their neratinib-sensitive 
counterparts in both normoxia and hypoxia. In addition, those EVs derived from neratinib-resistant 
cell lines carried less HER2 than their neratinib-sensitive counterparts. The results obtained under 
hypoxic conditions indicated that hypoxia modified the release and content of EVs in a manner 
specific to each cell type, which could potentially impact the invasiveness of breast cancer cells and 
their resistance to drugs. We also investigated the suitability of two different 3D-culture platforms to 
collect EVs and to include 3D cell culture in this comparison. We also performed the first worldwide 
survey about the existing pre-clinical in vitro models currently employed in cancer research. Finally, 
we investigated whether exposure to a low dose of tucatinib, taking into consideration limitations in 
achievable dosage of anti-HER2 therapies due to factors such as tumour size, location, and 
heterogeneity, could inadvertently lead to increased HER2 expression and/or release of EVs, 
potentially promoting tumour aggressiveness. We demonstrated that neratinib-resistance conferred 
cross-resistance to tucatinib in all three HER2+ breast cancer cell lines studied and that HCC1954 
cells manifest innate resistance to tucatinib. The analysis of CM collected after tucatinib treatment 
showed a higher abundance of CD9+ and HER2+ events compared to their untreated counterparts, 
with significant differences observed in CM obtained from HCC1954 cells. 
In conclusion, this research demonstrates that neratinib-resistant cell lines exhibit distinct proteomic 

profiles and altered EVs’ release compared to their neratinib-sensitive counterparts in both normoxic 

and hypoxic conditions. Notably, an increased presence of E-cadherin, IL-6, IL-8, and HER2 was 

detected in EVs derived from HER2+ cancer cells under hypoxia. These changes in EVs’ cargo 

composition have the potential to impact tumour progression and contribute to resistance against 

anti-HER2 therapies. 
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1.1 Breast cancer 

Cancer comprises a range of distinct yet interconnected diseases with existing differences in the 

magnitude and profile of the diseases between different countries, being the leading cause of death 

worldwide, with nearly 10 million of deaths in 2020. According to GLOBOCAN estimates of cancer 

incidence and mortality produced by the International Agency for Research on Cancer, there are 

types of cancer that dominate globally and explain more than 30% of the cancer incidence and 

mortality worldwide: breast, lung, colon, and prostate cancers[1]. In 2020, the Global Cancer 
Observatory (GCO) established breast cancer as the most common form of cancer in the world, with 

2.26 million new breast cancers diagnosed (11.7% all cancers) and approximately 685 000 deaths 

in both sexes. The same year, 576,337 new breast cancers were diagnosed in Europe countries with 

157,111 predicted deaths from breast cancer in both sexes. In Ireland, there are 3,433 female breast 

cancer cases diagnosed per year (23.8% of all invasive cancers) with 745 deaths per year (15.2% 

of all cancer deaths), making breast cancer the second most common cause of cancer deaths[1,2]. 

Although mortality rates may be higher in less developed countries (with Fiji showing the highest 

mortality rates from breast cancer worldwide), in terms of incidence rates there is only a slight 
difference, being higher in high-income countries than less developed regions. Elevated incidence 

rates in developed countries are explained by the efficiency of breast cancer screening programs, 

early diagnosis, and a higher prevalence of the known risk factors. 

It should be noted that coronavirus disease 2019 (COVID-19) has had an impact in cancer estimates 

as well as its repercussion causing delays in cancer diagnosis and treatment, health system closure, 

screening program suspension and reduce access to care. In concordance with these drawbacks, it 

is expected a short-term decline in cancer incidence followed by an increase of advance-stage 
diagnosed cases and cancer-related mortality in some locations[1,3]. 

Despite significant advances in cancer prevention medicine that has proven to be effective, breast 

cancer still being an important health problem not only in Ireland, but also worldwide and international 

efforts are necessary to resolved clinical and scientific problems remain[4]. 

1.1.1 Subtype classification  

Breast cancer cannot be considered as a single disease due to the high heterogeneity. This type of 

cancer is composed of distinct subtypes associated with different clinical outcomes. Understanding 

this heterogeneity is fundamental for the development of targeted personalised medicine and 

therapeutic intervention[5]. First categorisations were based in traditional clinicopathological variables 

(tumour size, grade, and nodal involvement), together with the presence or absence of three cell 

surface receptors: oestrogen receptor (ER), progesterone receptor (PR) and over-expression of 

human epidermal growth factor receptor 2 (HER2, also called ErbB2/neu). Those that lack all three 
receptors are termed triple negative breast cancer (TNBC)[6]. 

In general terms, those cancer that express either ER, and/or HER2 are targetable with therapies 

directed against these receptors, whilst patients with TNBC do not benefit from these therapies and 

so chemotherapy alone is the standard systemic treatment for TNBC[7,8]. 
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Currently, this classification has evolved because of Deoxyribonucleic acid (DNA) microarrays 

analysis performed in 2000, which enabled the comprehensive molecular classification of breast 

cancer based on its gene expression patterns. This technology categorised tumours into five distinct 

subtypes: luminal A, luminal B, HER2-enriched, basal-like, and normal-like. A summary of the main 

characteristics of the main breast cancer subtypes are collected in Table 1.1. 

Tumours classified as luminal A are distinguished by the expression of ER and/or PR and the lack of 
HER2, representing 50-60% of all breast tumours. These tumours exhibit a low level of cell 

proliferation, as evidenced by the expression of the Ki-67 marker, compared to luminal B. Clinically, 

luminal A tumours have the best prognosis with less incidence of relapse and higher survival rate 

while luminal B represents 15-20% of breast cancers and are slightly more aggressive than luminal 

A cancers[9]. The higher expression of Ki-67 on this subtype contributes to the worse prognosis 

associated with luminal B tumours. In addition, luminal B tumours tend to have a higher percentage 

of lymph node involvement compared with luminal A[10]. Luminal breast cancers respond to endocrine 

therapies such as tamoxifen which inhibits the transcriptional activity of the ER[11]. 
HER2-enriched breast cancers represent 15-20% of all breast cancers and are represented by an 

amplification of the HER2 oncogene and overexpression of the HER2 receptor. This overexpression 

gives to this subtype a more aggressive clinical and biological behaviour compared to the other 

subtypes that do not present HER2 expressed[12]. 

Normal-like tumours, comprising 5-10% of cases, are not well understood and may be due to 

contamination of breast cancer cells with healthy tissue[12]. These tumours exhibit a poorer prognosis 

than luminal A tumours but with a similar expression profile to these tumours[8]. 
The classification schema for breast cancer has undergone further refinement through additional 

research. Another subtype was identified, claudin-low, which possesses distinct molecular 

characteristics and differs phenotypically from the original five subtypes. The claudin-low subtype is 

characterised by the absence of luminal differentiation markers and an elevated presence of EMT 

markers (i.e., vimentin and N-cadherin), immune response-related genes (i.e., CD79b, CD14 and 

vav1), and cancer stem cell (CSC) signatures. Typically, this subtype is associated with TNBC and a 

poor prognosis. Studies have shown that subtyping breast cancer can independently predict 

prognosis in different patient cohorts. Therefore, a more comprehensive classification schema has 
been developed to better anticipate clinical response[13–16].  

In consonance with the above, in 2020 the “HER2-low” concept was introduced in breast cancer by 

some studies[17–21]. HER2-low breast cancer represents a heterogeneous group of breast cancer 

characterised by a low expression of HER2. Tarantino et al. (2020)[22] defined by first time this 

subtype, defining HER2-low breast cancer as tumours with an immunohistochemical (IHC) score of 

1+ or score of 2+/in situ hybridisation (ISH) negative phenotype. This subtype is formed by a 

heterogeneous group of breast cancer, being the most of HER2-low tumours represented by luminal 

molecular subtypes, more common in hormone receptor (HR) - positive BCs (31-51%), showing a 
lower Ki-67 proliferation index and being less responsive to neoadjuvant chemotherapy. The clinical 

significance of HER2-low breast cancer is currently an area of active research, as it may represent 

a unique subset of breast cancer that could benefit from targeted therapies. Numerous therapeutic 
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agents are presently undergoing clinical development for the treatment of HER2-low breast 

cancer[23].  

Table 1.1. Molecular subtypes of breast cancer. 

Subtype Molecular subtype Molecular signature Outcome 

Luminal 
Luminal A [ER+|PR+] HER2- , Ki67- Good 

Luminal B [ER+|PR+] HER2- , Ki67+ 
[ER+|PR+] HER2+, Ki67+ 

Intermediate 
Poor 

Normal-like Normal-like [ER+|PR+] HER2-, Ki67- Intermediate 

HER2+ HER2 over-expression [ER-|PR-] HER2+ Poor 

Triple 
negative 

Basal-like* [ER-|PR-] HER2-, basal marker+ Poor 

Claudin-low [ER-|PR-] HER2-, EMT marker+, 
Stem-cell marker+, claudin- Poor 

Breast cancer management still predominantly relies on immunohistochemistry (ICH) markers 

including ER, PR and HER2, being breast tumours grouped into four basic subgroups. *Basal-like is 

commonly classified as TNBC; EMT=Epithelial-Mesenchymal Transition. 

1.1.2 HER2 and HER2-overexpressing breast cancer 

ErbB2/HER2 belongs to the epidermal growth factor receptor (EGFR) family of tyrosine kinases 

(TKs). EGFR-family is composed of EGFR/ErbB1, ErbB2/HER2, ErbB3/HER3 and ErbB4/HER4 and 

the activation of these kinases through ligand binding, receptor mutations, or their over-expression 

induce both homo- and heterodimerisation. However, each receptor has its specific characteristics, 
such as the fact that, unlike EGFR, ErbB-2 is a ligand-less receptor but the HER2 dimers are the 

most stable and favoured dimerisation partner[24]. Moreover, HER2, unlike the other EGFR receptors 

that are down-regulated by ligand-binding or constitutively, is resistant to this down-regulation, also 

inhibiting this process in the case of its heterodimerisation partner. The reasons why this takes place 

still further discussed[25]. As illustrated in Figure 1.1, once HER2 is phosphorylated and activated, it 

initiates signalling pathways downstream of these receptors such as PI3K/Akt and 

Ras/Raf/MEK/MAPK pathways, leading to cell survival, cell growth and tumour progression[26–29]. In 

approximately 20% of breast cancer cases, HER2 is amplified or over-expressed, being indicative of 
aggressive cancer cell, with high proliferation and metastatic potential. HER2 over-expression is also 

related to high tumour grade mitotic count and positive-lymph nodes [30]. 

 

Previous studies have indicated that there is a functional coupling between the oncogenic signalling 

and endosomal trafficking of many TK receptors[31–33]. Specifically, endosomal trafficking plays a 

critical role in regulating the strength and duration of signalling from receptors such as EGFR and 

MET[31,34]. However, in contrast to other receptor TKs, the mechanisms of HER2 trafficking are not 
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well understood and several studies showed discrepant results regarding this topic. Some studies 

have shown that HER2 present a resistance to its internalisation while others have proposed a rapid 

HER2 recycling process to the plasma membrane. In all the scenarios, HER2 is strictly restricted to 

the plasma membrane, being associated with proliferation and tumorigenesis-related pathways. 

Pietilä et al. (2019)[31] showed that different HER2-overexpressing breast cancer cell lines showed 

different patterns of localisation, reflecting the HER2 functions and the therapeutic efficiency of anti-
HER2 therapies. In this study, lapatinib and trastuzumab resistant cell lines, including HCC1954 cells, 

displayed more intracellular HER2 compared to other therapy sensitive cell lines (BT474 and SKBR3, 

among others). The role of HER2 trafficking together with expression of trafficking proteins (i.e., 

cavelolin-1) are critical for the oncogenic activity of HER2 and the response to anti-HER2 therapies. 

 

Despite the development of HER2-targeted therapies (such as trastuzumab, pertuzumab, lapatinib 

and neratinib) which have improved the survival outcomes for breast cancer patients with HER2-

overexpressing tumours, the principal problem is that innate-, acquired- and cross-resistance to 
HER2-targeted therapies dominates as the main reason for which these drugs fail in the clinic[35,36]. 

In addition, the variations of HER2 play an important role in drug resistance such as Δ16HER-2 and 

p95HER-2, producing resistance to trastuzumab in patients who harbour any of them[37]. Further 

investigations and continued efforts are required to unravel the main mechanisms of resistance; to 

predict the outcome of treatments; and to offer more therapeutic options to a wide range of 

patients[38]. 
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Figure 1.1. Schematic representation of HER2 signalling pathway and the mode of actions of 
current ErbB2 inhibitors and their interaction with receptors of the EGFR family. 
The homo- and heterogeneity-dimerisation of HER2 with other EGFR family receptor results in cell 

signalling through the MAPK (Ras, Raf, MEK and ERK) pathway and PI3K/Akt pathway leading to 

cellular proliferation. Molecular approaches to HER2 targeted therapy appeared represented. While 

trastuzumab and trastuzumab-emtansine (T-DM1) binds domain IV of the extracellular component 

of the HER2 protein located close to the cell membrane, tyrosine kinase inhibitors (TKIs) such as 

lapatinib or neratinib, bind the intracellular adenosine triphosphate (ATP)-binding domain disrupting 
the phosphorylation of these domain and inhibiting of cell signalling[35,36,39]. Illustration created in 

BioRender.com.  

1.2 Tyrosine kinase inhibitors for the treatment of HER2-
positive breast cancer 

In recent decades, many tyrosine kinase inhibitors (TKIs) have been approved for cancer treatment 

and several are currently being investigated. TKIs are specially designed to target TKs that are 

mutated or/and over-expressed in cancer. In these terms, several HER receptor inhibitors have been 

approved for the treatment of breast cancer treatment while others are in different stages of advanced 

clinical research. As illustrated in Figure 1.1, these small molecules typically block the binding of 

adenosine triphosphate (ATP) to the kinase domain of the receptor; irreversibly (e.g., neratinib) or 
reversibly (e.g., tucatinib) [36,38,40–43]. TKIs are characterised by different physico-chemical properties, 

particularly a considerably low molecular weight, allowing them a more efficacious penetration 

through the blood-brain barrier compared to monoclonal antibodies, relevant where brain metastases 
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have occurred. However, TKIs are associated with EGFR off-target toxicity that includes rash and 

diarrhoea. 

1.2.1 Neratinib 

Neratinib (HKI-272, Nerlynx®, Puma Biotechnology Inc.) is an oral, potent small-molecule 

irreversible pan-ErbB TKI of EGFR (HER1), ErbB2 (HER2/neu) and ErbB4 (HER4). The principal 

difference between neratinib and earlier compounds such as lapatinib is that the second one was 

designed as reversible inhibitor, competing with ATP for binding [43–45]. 

Neratinib was approved by Food and Drug Administration (FDA) in 2017, and by European Medicines 

Agency (EMA) in 2018, for extended adjuvant treatment of early stage HER2-positive (HER2+) 

breast cancer[46]. Neratinib is still undergoing clinical trials. A phase I/II study (NCT00398567) has 
been shown neratinib to be effective in HER2+ breast cancer with acquired and innate resistance to 

trastuzumab and its combination with trastuzumab was safe and well-tolerated, improving clinical 

outcomes in some subsets of patients[46]. A phase III trial (extended adjuvant treatment of breast 

cancer with neratinib (ExteNET), demonstrated a significantly improvement on 5-year invasive 

disease-free survival (iDFS) in early-stage breast cancer patients, after trastuzumab-based adjuvant 

therapy (NCT00878709)[47]. The SUMMIT trial (NCT01494662) is an open-label phase II 

monotherapy trial that evaluated the efficacy and safety of neratinib in combination with paclitaxel as 

a first-line treatment for patients with HER2+ metastatic breast cancer (MBC)[48]. When the safety of 
neratinib was evaluated in 1,408 patients the most common grade 3/4 adverse events (AEs) were 

diarrhoea (40%), vomiting (3%), nausea and abdominal pain (2% in both cases). Despite the concern 

about the diarrhoea, it was short-lived and can be manageable with the use of anti-diarrhoea agents. 

It was also reversible on discontinuation of neratinib[49]. 

Despite the benefit offered by neratinib to patients with HER2+ breast cancer, further investigation is 

needed to determine the best therapies combination and to better define patients who are most likely 

to benefit from therapies and the potential predictive biomarkers for response to these therapies, 

including HER2[49]. Neratinib is currently undergoing different clinical trials (key clinical trials 
summarised in Table 1.2). 

Table 1.2. Key clinical trials of neratinib breast cancer patients. 

ID Drug(s) Condition Ps Phase Status Ref. 

NCT04366713 
 

Neratinib 
Capecitabine 
Loperamide 

HER2+BC 6 II Completed - 

NCT00878709 
 

Neratinib 
Placebo 

Early Stage 
HER2+ BC 2840 III Completed [50] 

NCT00741260 
 

Neratinib 
Capecitabine HER2+ MBC 105 I-II 

 Completed [51] 

NCT01111825 
 

Temsirolimus 
Neratinib 

HER2+ MBC 
or TNBC 99 I-II Completed - 
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NCT02236000 
 

Neratinib 
T-DM1 HER2+ MBC 49 I-II Completed [52] 

NCT00915018 
 

Neratinib 
Trastuzumab 

Paclitaxel 

HER2+ 
locally 

recurrent or 
MBC 

479 II Completed [53] 

NCT01808573 
 

Neratinib 
Lapatinib 

Capecitabine 
HER2+ MBC 621 III Completed [54] 

NCT02400476 
 

Neratinib 
Loperamide 
Colestipol 

Budenoside 

Early Stage 
HER2+ BC 563 II Completed [55] 

NCT00777101 
 

Neratinib 
Lapatinib 

Capecitabine 

HER2+ 
locally 

recurrent or 
MBC 

233 II Completed [56] 

NCT00706030 
 

Neratinib 
Vinorelbine HER2+ MBC 92 I-II Completed [57] 

NCT01008150 
 

Paclitaxel 
Trastuzumab 

Neratinib 
Doxorubicin 

Cyclophosphamid
e 

HER2+ BC 141 II Completed [58,59] 

NCT01670877 
 

Neratinib 
Fulvestrant 

Trastuzumab 

HER2 
mutant BC 56 II Completed [60,61] 

NCT00445458 
 

Neratinib 
Paclitaxel BC 110 I-II Completed [62] 

NCT00398567 
 

Neratinib 
Trastuzumab 

Advanced 
HER2+ BC 45 I-II Completed [63] 

NCT00300781 Neratinib Advanced 
HER2+ BC 136 II Completed [63] 

NCT00146172 Neratinib Breast 
neoplasms 73 I Completed - 

Key clinical trials that are currently completed. Information as on https://clinicaltrials.gov (information 

correct as of 8th May 2023). MBC =metastatic breast cancer; BC= breast cancer; T-DXd= 

Trastuzumab deruxtecan; Ps = participants. 

1.2.1.1 Neratinib-resistance 
Although neratinib has shown efficacy in blocking the signalling of EGFR family receptors, also may 

generate resistance as other TKIs. For that reason, further investigation to understand the 

mechanisms behind innate and acquired resistance is required[45]. Our group developed neratinib-

resistant variants of HER2+ breast cancer cell lines, revealing a novel mechanism of neratinib 
resistance based on a rise of metabolism of neratinib in these cell variants due to increased CYP3A4 
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activity and HER2 expression was also down-regulated in the neratinib-resistant variants. Also, the 

resistance to neratinib conferred cross-resistance to other HER2-targeted therapies used for breast 

cancer such as trastuzumab, lapatinib and afatinib and resistant variants were more aggressive 

behaviour than their drug-sensitive counterparts[64]. 

As indicated in Section 1.1.2, the alteration of HER2 is a crucial mechanism of drug-resistance and 

neratinib could be an option for patients carrying a HER2-mutated protein. The analysis of data from 
high breast cancer genome sequencing projects identified 13 somatic HER2 mutations, seven of 

them were activating mutations that accelerate tumour growth. All these characterised mutations 

were sensitive to neratinib, including those that produce lapatinib resistance (such as HER2 

L755S)[44,65,66]. 

In accordance with the above, the SUMMIT “basket” trial (NCT01953926) was performed to study 

therapeutic relevance of HER2 and HER3 mutations in tumours harbouring these mutations. For this, 

the patients were treated with 240 mg/day neratinib monotherapy or in combination with other 

therapies. Patients with missense mutations located in extracellular and kinases domains, as well as 
insertions in the kinase domain, responded to the treatment with neratinib. This showed that neratinib 

may have clinical benefit in patients with both HER2 amplification and mutation and it highlighted the 

necessity of clinical studies testing the efficacy of neratinib selectively in breast cancer patients 

whose tumours carry both amplification and mutation of HER2[65–71]. 

1.2.2 Tucatinib 

Tucatinib (also known as TukysaTM, ONT-380, ARRY-380) is reversible small molecule that binds 

selectively to the kinase domain of HER2 and can cross the blood-brain barrier[72]. 

It was approved by the FDA on April 17, 2020, for use in combination with trastuzumab and 

capecitabine for the treatment of HER2+ MBC, including patients with brain metastases who has 

previously received one or more anti-HER2 treatments[73]. Moreover, tucatinib was approved in 

Switzerland, Australia, Canada and Singapore, and by EMA in 2021, expanding the treatment to 

patients with locally advanced or HER2+ MBC[74]. 
Tucatinib’s approval by the FDA was based on the results of phase II HER2CLIMB trial 

(NCT02614794), where breast cancer patients with HER2-positive MBC (who had or did not have 

brain metastases) previously treated with trastuzumab, pertuzumab and trastuzumab-emtansine (T-

DM1), received either tucatinib or placebo in combination with trastuzumab and capecitabine 

(tucatinib-combination or placebo-combination groups)[74]. The objective response was reached in 

40.6% of patients receiving tucatinib versus 22.8% of those in the combination and placebo group of 

511 patients. Amongst the 75 patients with active brain metastasis, intracranial objective response 
was improved (47.3% versus 20%, respectively), being consistent with the ability of tucatinib to 

penetrate the brain. The most common AEs registered in the tucatinib-combination group were 

diarrhoea, following by palmar-plantar erythrodysesthesia syndrome, fatigue, nausea, and vomiting. 

The HER2CLIMB-04 (NCT04539938)[75] open-label and single-arm trial is a phase 2 study that 

examines the safety and effectiveness of tucatinib and trastuzumab deruxtecan (T-DXd) in patients 

with HER2+ MBC who cannot undergo surgery and have undergone two or more prior HER2-based 

regimens in the metastatic setting. In comparison to treatment with tucatinib + capecitabine alone, 
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the combination of tucatinib + T-DXd + capecitabine produced statistically significant and clinically 

relevant improvements in progression-free survival (PFS), overall survival (OS), and PFS in patients 

with brain metastases. As a result, tucatinib in conjunction with T-DXd has been approved for use in 

patients with HER2+ MBC. The regulatory approval was based on data from the Destiny-Breast01 

trial (NCT03248492), which was a single-arm study that confirmed a 61.4% confirmed objective 

response rate in patients with HER2+ MBC who had previously received T-DM1 treatment. Despite 
these advances, HER2+ MBC is still an incurable disease, and patients will eventually experience 

progression on existing treatments. Combining tucatinib and T-DXd may provide further 

improvements in efficacy compared to either agent used alone.  

In addition, the I-SPY 2 trial (NCT01042379) represents a new generation Phase II neoadjuvant 

platform trial designed to rapidly identify new treatments and treatment combinations for high-risk, 

early-stage breast cancer. This ongoing multicentre trial is aimed at evaluating the efficacy of 

investigational treatment regimens against a shared control arm, which is the standard-of-care 

chemotherapy treatment. The primary endpoint of the trial is pathologic complete response (pCR), 
and the goal is to assess the activity of novel drugs in a priori defined biomarker subsets based on 

HR, HER2 expression, and MammaPrint status. Only patients with HR+HER2+ status and 

MammaPrint high or ultra-high-risk status are eligible for the trial[76–82]. Inside the I-SPY 2 trial, a ten-

patient safety run-in to assess the safety and efficacy of tucatinib in combination with paclitaxel, 

pertuzumab, and trastuzumab was conducted. The objective of the run-in was to evaluate the safety 

of adding tucatinib to the existing combination therapy. Although the addition of tucatinib led to 

reversible liver function test elevations despite a reduction in tucatinib dosage, it resulted in a 
significant (>80%) reduction in tumour volume in 86% of the patients after 12 weeks. While tucatinib 

demonstrated a high level of activity when used with paclitaxel, trastuzumab, and pertuzumab, the 

combination was deemed unfeasible due to the observed safety concerns[83]. Furthermore, tucatinib 

is currently undergoing different clinical trials (Key clinical trials summarised in Table 1.3). 

Table 1.3. Key clinical trials of tucatinib breast cancer patients. 

ID Drug(s) Condition Ps Phase Status Ref. 

NCT02892123 
 

ZW25 
(Zanidatamab) 
Capecitabine 
Vinorelbine 
Tucatinib 

HER2-
expressing 

cancers 
279 I Active, not 

recruiting 
[84] 

NCT05382364 
 Tucatinib 

HER2+ MBC 
GEC 

Colorectal 
Cancer 

25 I Active, not 
recruiting - 

NCT02025192 
 

Tucatinib 
Capecitabine 
Trastuzumab 

HER2+ MBC 60  
I Completed [74] 

NCT01983501 
 

Tucatinib 
T-DM1 HER2+ BC 57 I Completed [85] 
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NCT05553522 
 

SRS 
Tucatinib 

Trastuzumab 
Capecitabine 

Brain 
metastasis 
HER2+ BC 

40 I Not yet 
recruiting - 

NCT03054363 
 

Tucatinib 
Palbociclib 
Letrozole 

 

HER2+ BC 42 Ib-II Active, not 
recruiting - 

NCT04538742 
 

T-DM1 
Durvalumab 
Paclitaxel 

Pertuzumab 
Tucatinib 

HER2+ MBC 245 Ib-II Recruiting [86] 

NCT04896320 
 Tucatinib HER2+ MBC 

BC Stage IV 40 I-II Recruiting - 

NCT05230810 
 

Alpelisib 
Tucatinib 

Fulvestrant 

PIK3CA-
Mutant 

HER2+ MBC 
40 Ib-II Recruiting - 

NCT05319873 
 

Carboplatin 
Docetaxel 
Fulvestrant 
Pertuzumab 
Ribociclib 

Trastuzumab 
Tucatinib 

HER2+ MBC 18 Ib-II Recruiting - 

 
NCT03501979 

 

Tucatinib 
Trastuzumab 
Capecitabine 

HER2+ MBC 
LMD 17 II Active, not 

recruiting - 

NCT02614794 
 

Tucatinib 
Capecitabine 
Trastuzumab 

Placebo 

HER2+ BC 612 II Completed  [74,87] 

NCT04579380 
 

Tucatinib 
Trastuzumab 
Fulvestrant 

Locally 
advanced 

Unresectable 
or metastatic 
solid tumours 

driven by 
HER2 

alterations 

217 II Active, not 
recruiting - 

NCT04721977 
 

Tucatinib 
Trastuzumab 
Capecitabine 

BC 56 II Active, not 
recruiting - 

NCT04760431 
 

Trastuzumab 
Taxanes 

Pertuzumab 
TKIs (Tucatinib) 

Brain 
metastasis 
HER2+ BC 

120 II Not yet 
recruiting - 

NCT05748834 
 

 
Tucatinib 

Doxil 

HER2+ 
locally 

advanced or 
MBC 

36 II Not yet 
recruiting - 
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NCT05800275 
 

Tucatinib 
Capecitabine 
Trastuzumab 

HER2+ MBC 
LMD 30 II Not yet 

recruiting - 

 
 

NCT01042379 
 

Tucatinib 
Trastuzumab 
Pertuzumab 
+ Standard 
therapies 

HER2+ BC 
HER2+ MBC 
Angiosarcom

a 
TNBC 

HR+ tumour 
HR- tumour 
Early-stage 

BC 
Locally 

advanced BC 

5000 II Recruiting [88–91] 

NCT04539938 
 

Tucatinib 
T-DM1 HER2+ BC 70 II Recruiting [92] 

NCT05041842 
 

Tucatinib 
Pertuzumab 
Trastuzumab 

Hormone therapy 
Pertuzumab/ 
Trastuzumab 

HER2+ MBC 
with isolated 

brain 
progression 

55 II Recruiting - 

NCT04789096 
 

Tucatinib 
Pembrolizumab 

Trastuzumab 
Capecitabine 

HER2+ MBC 50 II Recruiting - 

NCT05583110 
 

Tucatinib 
Trastuzumab 
Vinorelbine 

HER2+ MBC 
Locally 

advanced 
HER2+ BC 

49 II Recruiting - 

NCT05323955 
 

Trastuzumab 
T-DM1 

Pertuzumab 
Tucatinib 

Brain 
metastases 
HER2+ BC 
Advanced 

BC 

48 II Recruiting [87] 

NCT05458674 
 

Tucatinib 
Eribulin 

Trastuzumab 
HER2+ MBC 30 II Recruiting - 

NCT04457596 
 

T-DM1 
Placebo 
Tucatinib 

HER2+ BC 1031 III Recruiting [93] 

NCT05132582 
 

Tucatinib 
Trastuzumab 
Pertuzumab 

Trastuzumab/Pert
uzumab 
Placebo 

HER2+ BC 650 III Recruiting - 

 
NCT03975647 

 

Tucatinib 
Placebo 
T-DM1 

HER2+ BC 565 III Recruiting - 

Current clinical trials that are complete, active, or recruiting. Information as on https://clinicaltrials.gov 

(information correct as of 8th May 2023). MBC =metastatic breast cancer; BC= breast cancer; T-

DXd= Trastuzumab deruxtecan.; GEC = Gastric or Gastroesophageal Junction Adenocarcinoma; 

LMD = Leptomeningeal Disease; SRS = Stereotactic Radiosurgery; Ps = participants. 
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1.3 Extracellular vesicles 

Extracellular vesicles (EVs), classically termed exosomes and microvesicles (MVs), are a 

heterogenous group of lipid bilayer bound vesicles secreted by cells and transported in the 

bloodstream and other body fluids[94–100]. Although the EVs field became popular in the last decades, 

the first concept of EVs had profiled more than 150 years ago when Charles Darwin already proposed 

the idea of cells secreting gemmules, minute size particles that contain molecules that serve to 

communicate the secreting cells to other cell types[101,102]. 
Building on the research performed in recent years, the current evidence indicates that these EVs 

mediated a wide range of physiological and pathological cell-to-cell communication activities, 

carrying bioactive material from their cells of origin. EVs are also considered as mini-maps of those 

cells, and interest in them has increased considerably due to their participation in numerous 

pathways including inflammation[103], tissue regeneration[104] and cancer, and due to their potential 

use as minimally invasive biomarkers and advanced drug delivery systems[97]. 

Substantial efforts are being invested in establishing guidelines to give support in EVs classifications, 

separation methods and establishment of EVs profiles in different biofluids. In 2018, the International 
Society for Extracellular Vesicles (ISEV) published the minimal information for studies of extracellular 

vesicles (MISEV2018) for the appropriate establishment of EVs separation methodologies and 

essential characterisation[105]. However, a lack of standards and consensus on the most optimal 

separation and purification method is still widespread[102,106]. 

EVs are frequently categorised based on their cellular origin, content, or physical properties such as 

size or density[107].  

Based on their biogenesis, two subclasses of EVs exist; exosomes, formed by an endosomal 
pathway, derived from multi-vesicular bodies (MVB) and with a range in size from 30-150 nm, and 

MVs /ectosomes involving the endocytic route and being released directly from the cell membrane, 

with a higher range size vesicles (>150-1000 nm) (Figure 1.2). 

Although the use of different terms has been reported (such as exomeres, ectosomes, large 

oncosomes (LOs), migrasomes, melanosomes, among others) to refer to EVs and/or apoptotic 

bodies it is difficult to determine whether EVs released outside the cell originated from the cell's 

endosomal region or directly from the cell membrane. Additionally, it is worth noting that there is no 

clear distinction between EVs sizes, and vesicles smaller than 150 nm can also bud from the cell 
membrane. Despite these challenges, it is crucial to understand the contribution of EVs, regardless 

of their size and origin, in diseases such as cancer. 

Exosome’s formation involves an endosomal route, involving the formation of early endosomes by 

inward budding of the cell membrane. Early endosomes’ membranes invaginate to form intraluminal 

vesicles (ILVs), which are contained in MVBs. Those MVBs are then transported to the trans-Golgi 

network (TGN), a major secretory pathway sorting station. Here, these vesicles could follow different 

fates including endosome recycling, and the degradation of all their content by lysosomes, or their 

fusion with the cell membrane resulting in the release of exosomes to the extracellular space[107–110]. 
The endosomal-sorting complex required for transport (ESCRT) machinery is crucial for this process 

and involves four complexes (ESCRT-0, ESCRT-I, ESCRIT-II, and ESCRT-III) as well as associated 
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proteins including the APTase vacuolar protein sorting 4 (Vps4), the tumour susceptibility gene 101 

protein (Tsg101) and the programmed cell death 6-interacting protein (ALIX). 

ESCRT-0 orchestrate the recognition of ubiquitinated proteins and their sorting for ILVs integration. 

ESCRT-I and ESCRT-II are responsible of membrane deformation, creating membrane necks and 

recruitment of ESCRT-III and Vps4 produce vesicle neck fission and MVBs formation as well as 

ESCRT-III complex dissociation and recycling [98,111–115]. 
Recent studies established an ESCRT-independent pathway in exosome biogenesis involving lipids 

and associated protein including tetraspanin[116]. The cell membrane presents subdomains enriched 

in cholesterol, sphingolipids and glycosyl-phospathidylinositol (GPI)-anchored proteins known as 

lipid rafts and their presence stimulate the budding process and ILVs production[117]. 

In contrast to exosomes, MVs or ectosomes are release from the plasma membrane via budding or 

pinching. However, MVs can be generated through different mechanisms, some of them seems 

overlap with those involved in exosome biogenesis[118,119]. In addition, lipid rafts play an important 

role in budding and pinching of the cell membrane, and several studies shown that cholesterol is also 
essential to MVs release[107]. However, the precise mechanism underlying their formation and release 

is not well comprehended. An additional mechanism of MVs biogenesis is connected to non-

apoptotic cell membrane blebs, frequently founded in aggressive cancer cells. These can be 

released as MVs via actin cytoskeleton reorganisations [119–124]. 

Apoptotic bodies (1000-5000 nm), released from apoptotic cells[125–127], are responsible for removing 

damaged cellular debris and are ultimately eliminated via phagocytosis[128]. The formation of 

apoptotic bodies is preceded by a sequence of distinctive events within dying cells, which ultimately 
result in the packaging of the cellular contents inside apoptotic bodies[129,130]. Among the critical 

alterations that occur are DNA fragmentation, externalisation of the plasma membrane, cell 

shrinkage, detachment from the extracellular matrix, and plasma membrane blebbing[131]. The 

formation of apoptotic bodies is vital for the survival of organisms as it prevents toxins and degrading 

enzymes from leaking into healthy cells[132,133]. Following the activation of caspase-mediated 

apoptotic pathways, the formation of apoptotic bodies is activated by Rho-associated coiled-coil-

forming kinase I (ROCK1)[134]. Once the cellular content is packaged into apoptotic bodies, a 

sequence of events occurs, such as enucleation, expansion, and retraction, as described by Orlando 
et al. (2006)[135].  
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Figure 1.2. Extracellular vesicle biogenesis and secretion. 
Schematic representation of the biogenesis and secretion of extracellular vesicles (EVs), specifically 

exosomes and microvesicles (MVs), by eukaryotic cells. Exosomes are generated from intraluminal 

vesicles (ILVs) that bud into early endosomes and multivesicular bodies (MVBs). The formation of 

ILVs involves various molecules, including lipids like ceramide and proteins such as tetraspanins 

(e.g., CD63, CD81, and CD9), as well as the endosomal sorting complex required for transport 

(ESCRT) machinery. The transportation of MVBs to the plasma membrane is facilitated by several 

Rab small guanosine triphosphatases (GTPases), and their fusion with the plasma membrane is 
aided by proteins like Rho-A, Ral-1, and soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors (SNAREs). MVs, on the other hand, are generated by various proteins, including proteins 

associated with the Rho (ROCK) and the Ras GTPase family that control cytoskeleton 

rearrangements. Illustration created in BioRender.com. 
 

In addition to the subtypes of EVs, there are other types that have been described in the literature. 

Exomeres, which are non-membranous nanoparticles with a size below 50 nm, were only recently 
discovered. It is possible that exomeres are aggregates of molecules, and further research is needed 

to elucidate their biogenesis and functional properties[136]. 

Migrasomes (500-3000 nm) were firstly described by Ma et al (2015)[137] and are generated by 

migrating cells. Their biogenesis (“migracytosis”) depends on cell migration and actin 

polymerisation[138,139]. 
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LOs (1000-10,000 nm) are exclusively release by cancer cells. LOs were firstly described in the 

scientific literature by Di Vizio et al. (2012)[140], although the term “oncosome” was originally 

conceived by Al-Nedawi et al. (2008)[141] to describe glioma-derived MVs containing a truncated 

oncogenic form of the EGFR, known as EGFRvIII. Additionally, previous studies have demonstrated 

that the detection of LOs can distinguish between healthy and cancer cells/tissues, especially in 

prostate cancer models[142]. However, further research is necessary to elucidate the role of LOs in 
other tumour models. 

1.3.1 EVs sub-populations 

As mentioned in previous section, EVs are defined based on different characteristics including 

biogenesis. However, taking into consideration the difficulty of assigning an EVs to a particular 
biogenesis pathway, the limitations of the terminology and the lack of consensus for specific EVs 

subtype markers, MISEV2018 suggested common definitions of EVs. MISEV2018 defined terms for 

EVs subtypes based on physical characteristics such as size or density, biochemical composition, 

and descriptions of conditions or cell of origin. 

Regarding the size, MISEV2018 established three subcategories with ranges defined as small 

vesicles (sEVs) (<100 nm), or medium/large vesicles (m/lEVs) (>200 nm)[105]. One of the main 

methods of distinguishing different sub-populations of EVs is the use of immunoblotting to determine 

specific combination of protein markers often involved in their biogenesis. Distinct sets of proteins 
can determine the sub-population of EVs being studied. In keeping with this, MISEV guidelines also 

gave a clear overview of which proteins should be present on EVs and how to distinguish what sub-

population is under investigation. Table 1.4 lists some of the proteins that have been enriched in 

each subpopulation and includes protein markers that are used in this project. For general 

characterisation, MISEV 2018 guidelines recommended at least three positive protein markers for 

EVs, including at least one transmembrane/lipid-bound protein (Category 1) and cytosolic protein 

(Category 2), and at least one negative protein marker (Category 4).  

Table 1.4. Protein markers for EVs sub-populations according to MISEV2018 guidelines. 

EVs marker 
MISEV 

Category 
Large EVs Medium EVs Small EVs 

CD9 1b ✓ ✓  

CD63 1a ✓ ✓ ✓ 

CD81 1a ✓ ✓ ✓ 

Syntenin 2a ✓ ✓ ✓ 

Calnexin 4c ✓   

GRP94 4c ✓   
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1.3.2 EVs in breast cancer 

Several studies were performed on breast cancer to establish the relevance of EVs in numerous 

processes in cancer. This group[143] investigated the relevance of EVs in TNBC and demonstrated 
that EVs can confer phenotypic attributes of their cells of origin to other cells. In addition, Harris et 

al. (2015)[144] investigated the role of EVs in cancer progression using different breast cancer cell 

lines which possess different metastatic potential. This study showed that EVs promote cell migration 

and this stimulation directly depends on the metastatic potential of the cell of origin. Other studies in 

breast cancer also founded that EVs derived from breast cancer cells play a role in angiogenesis[145], 

immune response suppression and evasion, stimulate tumour growth [119,146] and also the 

transmission of resistance to anti-cancer drugs[147]. 
On the latter, EVs can mediate the transmission of drug resistance through different mechanisms 

including the suppression of immune cells[148–150], decreased the availability of the drug by 

sequestering and/or removing drug and thus decreasing the available drug concentration, and by 

transmitting the resistance from drug-resistant to drug-sensitive cells[151,152]. 

EVs can also affect not only to treatments based on small molecules but also monoclonal-antibody 

therapies. Research has shown that the up-regulation of miR-21 in sEVs is closely linked to 

trastuzumab resistance, both in vitro and in vivo[153–155]. Those sEVs not only contribute to resistance 

but also decrease the efficacy of trastuzumab. Ciravolo et al. (2012)[147] found that EVs from the 
HER2+ cell lines, SKBR3 and BT474, can bind trastuzumab, decreasing its bioavailability and so its 

effectiveness. EVs were also obtained from breast cancer patients’ serum, and supporting the study 

performed in vitro, most of the EVs samples from breast cancer patients with HER2-overexpressing 

tumours had HER2-bearing EVs that bound to trastuzumab[146]. Consistent with these findings, sEVs 

derived from those breast cancer cells (BT474 and SKBR3) were found to decrease the trastuzumab-

induced toxicity of peripheral blood mononuclear cells (PBMCs) to BT474 cells[156]. 

Moreover, a study performed previously in our group discovered that the resistance to anti-HER2 

targeted drugs and anti-tumour immune response in HER2+ breast cancer is related to an increased 
level of transforming growth factor-beta 1 (TGF-β1) and programmed death-ligand 1 (PD-L1). These 

immunosuppressive molecules were carried by EVs from drug-resistant cells and were found in the 

serum of patients who got little benefit from treatments with HER-targeted drugs. This suggests their 

potential as predictive biomarkers companion diagnostics[146]. 

Analysing the downstream signalling pathways of sEVs’ cargo molecules and the regulation of target 

genes expression can contribute to understand the drug resistance mechanism(s). It has been 

reported that anti-cancer drugs can significantly increase the secretion of sEVs from tumour cells, 
leading to chemoresistance and post-therapy relapse through the activation of signalling pathways 

and induction of inflammation[157]. Similarly, sEVs carrying the long non-coding ribonucleic acid 

(RNA) AGAP2 antisense RNA 1 (AGAP2-AS1) were found to enhance trastuzumab resistance in 

BT474 HER2+ breast cancer cells[158]. 

These advances in understanding the key role that EVs play in cancer only scratch the surface of 

their full implications and potential. Not only deciphering the different mechanisms by which they act, 

but also unravelling this drug-resistance communication may contribute to a therapeutic benefit for 

cancer patients, thus increasing their prognosis and survival. 
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1.4 Hypoxia signalling in breast cancer 

Hypoxia refers to a physiological condition in which the oxygen supply to tissues is insufficient to 

maintain normal cellular function and homeostasis. This condition may arise from a variety of causes, 

including reduced oxygen supply due to decreased blood flow, low oxygen content in the blood 

(hypoxemia), or impaired oxygen utilisation by cells. The consequences of hypoxia can be severe 

and may include tissue damage, organ dysfunction, and even cell death[159]. In the context of cancer, 

hypoxia refers to a condition in which there is a low level of oxygen in the tumour microenvironment 
(TME) due to the demand for oxygen by the rapidly dividing cancer cells that exceeds the supply of 

oxygen from the blood vessels (frequently poorly formed and leaky) within the tumour. As a result, 

cancer cells undergo adaptations to survive and proliferate in this low oxygen environment, including 

the activation of specific pathways which leads to the production of proteins that promote cell survival 

and angiogenesis (the formation of new blood vessels) to provide a source of oxygen and nutrients 

to the tumour. Hypoxia-inducible factors (HIFs), which were initially discovered in the 1990s, are 

primarily responsible for regulating responses to hypoxia[160–162]. 

The hypoxia-inducible factor 1α (HIF-1α) is the key regulator that mediates the cellular response and 
survival to this condition[163–165]. HIFs are central players in cellular responses to low oxygen levels, 

composed of two basic helix-loop-helix proteins of the Per-ARNT-Sim (PAS) family: an oxygen-

sensitive α-subunit and a constitutively expressed β-subunit[166]. Three HIF-α isoforms have been 

identified in mammals, with HIF-1α having a wide range of target genes, while HIF-2α exhibits more 

tissue-restricted expression, and less is known about HIF-3α[167]. The stability of HIF-α family proteins 

can be regulated by oxygen levels. In normoxic conditions, HIF-α subunits' hydroxylation within their 

oxygen-dependent degradation domain occurs at two critical proline residues by HIF prolyl 
hydroxylase domain family proteins (PHDs), using O2, ferrous iron, and α-ketoglutarate as 

substrates. Mammals have three PHD subtypes, PHD1, PHD2, and PHD3, which regulate HIF-1α 

oxygen sensors' degradation. PHD2 is the main rate-limiting enzyme that keeps HIF-1α at a stable 

low level in an anoxic environment, and its activity is mainly controlled by the intracellular oxygen 

concentration. The von Hippel–Lindau tumour suppressor protein (pVHL) binds to HIF-α after 

hydroxylation and recruits an E3 ubiquitin ligase complex, leading to ubiquitination and proteasomal 

degradation of HIF-α. In the absence of oxygen, the hydroxylation process that inhibits HIF-α is 

decreased, causing HIF-α to become stable and translocate to the nucleus, where it pairs with HIF-
β forming a dimer[168]. The HIF-α/β dimer interacts then with the transcriptional coactivator p300/CBP 

and hypoxia response element to activate the expression of HIF target genes located in the promoter 

region[169,170]. This mechanism is illustrated in Figure 1.3. 

 



 

 
19 

 

Figure 1.3. Overview of the HIF-1α pathway in normoxia and hypoxia. 
Under normoxic conditions, HIF-1α subunit is hydroxylated by HIF prolyl hydroxylase domain family 

proteins (PHDs) and ubiquitinated by the von Hippel–Lindau tumour suppressor protein (pVHL) 

complex. These modifications indicate the degradation of the subunit by proteasome 26S. Under 

hypoxia, the HIF-1α subunit is stabilised and able to bind to the HIF-1β. The transcription factor is 

then translocated to the nucleus to bind the promotor region, resulting in the stimulation of the 
transcription of hypoxia related genes and the activation of cancer-related processes. ARNT = Aryl 

hydrocarbon receptor nuclear translocator; HRE= Hypoxia response element. Illustration created in 

BioRender.com. 

Activation of the HIF pathway leads to the up-regulation of a variety of genes involved in the cellular 

response to hypoxia. These include genes encoding proteins involved in angiogenesis (i.e., VEGF, 

SDF1, KITL), glucose metabolism (i.e., GLUT1, GLUT3, PDK1, GAPDH, ENO1, and LDHA)[171], and 

erythropoiesis (i.e., EPO). The HIF pathway is also involved in the regulation of cell survival and 

apoptosis, as well as immune function and inflammation. Immunohistochemical analyses reveal that 

HIF-1α and HIF-2α are frequently overexpressed in human cancers and, besides intratumoural 

hypoxia, genetic alterations commonly observed in cancer can also modulate the expression of HIF-
dependent target genes. Breast cancer is an example of this, where various signalling pathways, 

such as EGFR, AKT, PI3K, PTEN, mTOR, TP53, and HER2, can be altered to regulate HIF-

dependent gene expression. For instance, Li et. al.[172] reported an interaction between the HIF and 

PI-3K/Akt pathways in HER2-overexpressing cancer cells. The findings of this study suggest that 

Akt-mediated HIF activation can be induced by HER2, suggesting that activation of the HER2/Akt 

pathway could promote angiogenesis in a hypoxia-independent manner. These results could have 

significant implications for the oncogenic effects of HER2 and Akt[160]. 
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In recent years, there has been increased attention on HIF-1α and its relationship with drug 

resistance in various types of cancer cells. Different subtypes of breast cancer also showed different 

levels of HIF-1α expression[173]. In a study of 900 breast cancer patients, Bane et al. (2014) observed 

significant differences in HIF-1α expression between Luminal A tumours (46% positive), HER2-

positive tumours (69% positive), and basal tumours (85% positive)[174]. As mentioned before, it has 

been found that HER2 signalling through the PI3K/AKT pathway increase HIF-1α activity[175]. 
However, PTEN, a protein that opposes HIF-1α, is present in approximately 60% of HER2-positive 

patients[176]. As a result, HER2+/PTEN- tumours may have elevated HIF-1α expression and 

increased drug resistance. Animal models and human studies have shown that hypoxic tumours 

exhibit an exacerbated drug resistance, which is linked to the overexpression of HIF-1α and HIF-2α. 

This resistance is associated with decreased OS rates[177]. Although the significance of HIF-1α-

dependent drug resistance in breast cancer is well-established, the precise molecular mechanisms 

that result in reduced drug efficacy are yet to be fully understood. For instance, it has been shown 

that the activation of the STAT3/HIF-1α/Hes-1 signalling pathway leads to resistance to trastuzumab 
in SKBR3 HER2-overexpressing breast cancer cells. This resistance is mediated by the down-

regulation of the tumour suppressor PTEN, suggesting that its targeting could be a potential strategy 

to overcome trastuzumab resistance in HER2-positive breast cancer[178]. 

1.5 Hypoxia and EVs’ release in the context of cancer 

Studies have shown that hypoxia has an impact on the production, size, and molecular composition 

of EVs in cancer. However, different observations have been reported using various cell models and 

hypoxic treatments[179–182]. 

Hypoxia can promote the biogenesis of ILVs and increase the secretion of EVs. The external 
microenvironment, including hypoxia, can regulate the selective loading of micro-RNAs (miRNAs; 

miRs) in the EVs. EVs biogenesis is a complex process that depends on the cargo and cell type. 

Hypoxia can regulate the expression of Rab proteins, including Rab7, Rab27a, and Rab22a, which 

promote the release of EVs in ovarian and breast cancer cells[180,183]. Rab5 has been shown to 

regulate EVs secretion in hypoxic prostate cancer cells by regulating the transport and fusion of early 

endosomes[184]. Hypoxia can also affect the rearrangement of the actin cytoskeleton through ROCK 

to influence EVs’ release[185]. Hypoxia can also promote autophagy, which may affect the balance 

between the degradation of MVs and the release of exosomes[186]. Therefore, further investigation is 
needed to understand the complex mechanisms of EVs secretion in the hypoxic microenvironment. 

Hypoxia also have an impact in the EVs’ cargo. Under hypoxia, miRNA levels in EVs are higher than 

under normoxia, and miRNA sorting may depend on HIF signalling[187]. Hypoxic EVs facilitate various 

cancer-related processes such as angiogenesis, proliferation, epithelial-mesenchymal transition 

(EMT), and metastasis through their cargo. Certain miRNAs, such as miR-210 and miR-135b, 

encapsulated within EVs, have been identified to play a crucial role in promoting angiogenesis and 

metastasis. These miRNAs could potentially serve as biomarker candidates or therapeutic targets 

for cancer treatment. miRNA-210 is one of the most stable and important miRNAs up-regulated in 
response to hypoxia. HIF-1α can directly bind to the hypoxia responsive element on the miR-210 
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promoter to regulate its expression[188]. In ovarian cancer, HIF induces the release of EVs enriched 

in various miRNAs, including miR-21-3p, miR-125b-5p, and miR-181d-5p[189]. However, the specific 

mechanisms of how hypoxia affects miRNA distribution in EVs still require further investigation. In 

breast cancer, miR-210 plays a role in the expression of vascular remodelling related genes, such 

as Ephrin A3 and PTP1B, which promote angiogenesis. Additionally, long non-coding RNA 

(lncRNAs) lncRNA SNHG1, enriched in hypoxic breast cancer cell-secreted exosomes, promotes 
angiogenesis, proliferation, and migration of Human umbilical vein endothelial cells (HUVECs). 

Studies indicate that hypoxic exosomes are preferentially taken up by hypoxic cancer cells, and 

GPR64, an autophagy-associated protein, is up-regulated in hypoxic exosomes derived from breast 

cancer-associated fibroblasts, stimulating the NF-κB pathway to enhance the invasiveness of 

recipient breast cancer cells. Besides, hypoxic exosomes also function in a paracrine manner in 

tumour development. Breast cancer cells encapsulate TGF-β into exosomes under hypoxia, which 

can be taken up by T cells, suppressing T cell proliferation and contributing to the 

immunosuppressive microenvironment in tumour progression[179,190,191].  
Therefore, understanding the role of hypoxia in breast cancer and the special characteristics of 

hypoxic EVs could provide new insight into elaborating the role of hypoxia in the resistance to anti-

HER2 therapies, and it is essential for the development of new therapeutic strategies that can 

overcome the challenges posed by hypoxia in breast cancer treatment. 

1.6 In vitro preclinical models in cancer research 

The use of in vitro and in vivo models has been and continues to be crucial in cancer research, 

enabling drug screening, the development of cancer therapies, drug screening, and a greater 

understanding of the molecular mechanisms of tumour growth and metastasis[192]. However, only 
10% of potential anti-cancer drugs succeed during their clinical development, mainly due to a lack of 

efficacy or intolerable toxicity[193–195]. Animal models are usually too expensive, complicated, 

laborious to work with, and associated with ethical issues. It is noteworthy that some effects may 

appear which do not represent a specific human event and so limit their applicability. Moreover, the 

3R strategy has been gaining presence in research and in vitro cell cultures have been used together 

with new methods developed in recent years to avoid large-scale and intensive animal testing[196,197]. 

Drug development, among other fields, requires in vitro models capable to produce reliable 

biomedical information through mimicking the cells’ phenotype as it exists in the target tissue [198,199]. 
The simplest and most common approach for in vitro cancer studies is the monolayer culture of 

cancer cells in two-dimensional (2D) conditions. Nevertheless, its limitations have been increasingly 

recognised, mainly as an oversimplified version of tumour conditions in vivo, failing to address many 

of the more dominant pathological problems, such as the TME. Moreover, 2D cultures do not 

conserve the original shape and polarisation of cells[197,200]. To make real advances of precision 

medicine, new pre-clinical models that better represent in vivo biology and the microenvironmental 

factors, while also respecting the rights of animals, are urgently needed[192]. Since Mina Bissell 

studied (in 1980) the importance of the extracellular matrix (ECM) in cell behaviour, it is established 
that the three-dimensional (3D) cell culture models, in contrast to the 2D models, represents more 
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accurately the actual microenvironment and their behaviour is more reflective of in vivo cellular 

responses[201–203]. However, these models still have limitations to accurately represent the TME. 

Different approaches are being used to increase the complexity of the models. These start with the 

use of 2D co-cultures, including stromal cells, increasing stepwise with the use of 2.5D cultures, 

consisting of cells sandwiched between the surface and a layer of ECM, and finally 3D complex 

structures[202–204]. 3D cultures can be designed using different approaches including non-scaffold-
based methods, scaffold-based technologies, specialised 3D culture platforms, as well as 

mathematical modelling[202]. The most common types of in vitro tumour models are summarised in 
Figure 1.4. 

 

 

Figure 1.4. Most common in vitro models. 
Illustrative scheme of the most common approaches for in vitro cell culture models. The most used 

techniques for 3D cell culture are collected in the red square: non-scaffold-based methodologies, 
scaffold-based methodologies, and specialised 3D culture platforms. Illustration created in 

BioRender.com. 
 

Despite the strong recommendations to upgrade cell culture from 2D to 3D models, these 

approaches have not been extensively incorporated in research. Some of the issues preventing their 

regular use are the reproducibility, cost, time to set up, confusing terminology, as well as the 

necessity of a guidelines for techniques standardisation, among others[200,205]. 
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1.7 Aims 

This project focuses on the understanding of the transmission of resistance to anti-cancer drugs from 

cell-to-cell. Previous research initially performed by our group firstly and validated by others has 

shown that EVs are involved in transmitting resistance, causing previously drug-sensitive cells to 

become drug-resistant. Furthermore, we have evidence to suggest that EVs might bind drugs such 

as trastuzumab (Herceptin) and thus reduce it bioavailability to its receptor (HER2) on cancer cells. 

Collectively this means that EVs may be substantially inhibiting cancer patients gaining benefit from 
anti-cancer drugs. The aim of this project is to gain an in-depth understand of neratinib-resistance 

mechanism(s) in HER2+ breast cancer as well as further understand the involvement of EVs in those 

mechanism(s) and to investigate ways of exploiting this information present on the EVs. The major 

accomplishments of this project will be to discover new pathways and biomarkers involved in 

resistance to anti-cancer drugs, to better improve the general knowledge that we have on this field 

and future benefit for patients. 

 

This aim included the accomplishment of the following objectives: 
 

1. Perform an EVs separation methods comparison on conditioned media obtained from three 

different HER2+ breast cancer lines to compare the efficacy to enrich EVs from cell culture 

supernatants.  

2. Compare proteome profiles of neratinib-sensitive and neratinib-resistant HER2+ cells to gain 

insights into the mechanisms of neratinib resistance in HER2+ breast cancer. Next, elucidate 

new mechanisms that may be responsible for neratinib resistance.  
3. Fully characterise the EVs released from those neratinib-sensitive and neratinib-resistant 

cells and to investigate if those EVs reflect the HER2 status of their cells or origin, having 

potential as minimally invasive biomarkers. 

4. Understand hypoxia’s influence on EVs released by neratinib-sensitive and neratinib-

resistant HER2+ breast cancer cell lines and their cargo. 

5. Determine the suitability of a 3D cell culture model for EVs analysis of EVs released by 

HER2+ breast cancer cell lines cultured under normoxic and hypoxic conditions. 

Consequently, investigate the effect of hypoxia on the release of EVs under 3D conditions. 
6. Perform the first global survey of current use of pre-clinical in vitro models in cancer research, 

to offer a snapshot of the different in vitro models used in cancer research and to help to 

identify the trends and practices in cancer research and for future standardisation.  

7. Evaluate the effect of tucatinib in the release of EVs in breast cancer cell lines, to study the 

mechanism behind how cancer cells can promptly evade an anti-tumoral treatment. 
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Chapter 2  

Evidence for the need to evaluate more than one 
source of EVs, rather than single or pooled 
samples only, when comparing EVs separation 
methods 
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Martinez-Pacheco, S., & O'Driscoll, L. (2021). Evidence for the Need to Evaluate 

More Than One Source of Extracellular Vesicles, Rather Than Single or Pooled 

Samples Only, When Comparing Extracellular Vesicles Separation Methods. 

Cancers, 13(16), 4021. https://doi.org/10.3390/cancers13164021 
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Abstract 

To study and exploit EVs for clinical benefit as biomarkers, therapeutics, or drug delivery vehicles in 
diseases such as cancer, typically we need to separate them from the biofluid into which they have 

been released by their cells of origin. For cultured cells, this fluid is conditioned medium (CM). 

Previous studies comparing EVs separation approaches have typically focused on CM from one cell 

line or pooled samples of other biofluids. We hypothesize that this is inadequate and that 

extrapolating from a single source of EVs may not be informative. Thus, in our study of methods not 

previously compared (i.e., the original differential ultracentrifugation (dUC) method and a PEG 

followed by ultracentrifugation (PEG+UC) method), we analysed CM from three different HER2-

positive breast cancer cell lines (EFM192A, HCC1954, and SKBR3) that grow in the same culture 
medium type. CM from each was collected and equally divided between both protocols. The resulting 

isolates were compared on seven characteristics/parameters including particle size, concentration, 

structure/morphology, protein content, purity, detection of five EVs markers, and presence of HER2. 

Both dUC and PEG+UC generated reproducible data for any given breast cancer cell lines’ CM. 

However, the seven characteristics of the EVs isolates were cell line- and method-dependent. This 

suggests the need to include more than one EVs source, rather than a single or pooled sample, 

when selecting an EVs separation method to be advanced for either research or clinical purposes. 
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2.1 Introduction 

EVs are lipid-bilayer-enclosed nanoparticles released by most, if not all, cells. The EVs’ cargo may 

include proteins, RNAs, DNA, and lipids, and they are often described as mini maps of their cells of 

origin. The EVs’ bioactive cargo is instrumental in their role in cell-to-cell communication, mediating 

a broad range of physiological and pathological activities[94–98]. EVs have traditionally been 

categorised based on size and sub-cellular origin[107], with those derived from multi-vesicular bodies 

and having a size of approximately 30–150 nm termed exosomes, while those originating by 
budding/pinching from the cell membrane and typically have a size greater than 150 nm considered 

to be MVs[107,110]. EVs are detectable in a broad range of biofluids including cultured cells’ conditioned 

medium (CM), blood plasma and serum, milk, urine, saliva, and cerebrospinal fluid[206,207]. These 

important sources of EVs are commonly studied, but we must accept that once in a biofluid, we 

cannot claim the EVs’ exact origin and exit route(s) from their donor cells. Thus, the generally 

accepted collective term for exosomes and MVs is EVs. 

Substantial effort has been invested by the EVs community in establishing guidelines on minimal 

information for studies of extracellular vesicles (MISEV2018) and on supporting transparent reporting 
and centralising knowledge in EVs research to achieve increasing rigor and reproducibility of the 

knowledge generated[105,208]. It is generally accepted that, in many studies, EVs are not always 

completely isolated as pure EVs from other materials that exist in their biofluid and so the preferred 

term by many is “EVs separation” or “EVs enrichment”, rather than isolation; thus, these are the 

terms we will use here. Furthermore, as one EVs separation method does not fit all purposes, 

understandably, there is no consensus on the optimal EVs separation method. Interestingly, 

however, a survey performed in 2019 showed that although ultracentrifugation (UC)-based methods 
derived from the protocol described by Théry et al. (2006)[209] remain the most popular EVs 

separation methods[210], the comparison between the 2019 survey and a survey performed in 2016 

showed a significant (p < 0.05) increase in the use of precipitation methods[210,211]. Many such 

precipitation methods are claimed to represent user-friendly approaches, but the substantial trade-

offs may be the reduced purity of isolates (as most published studies of precipitation methods use 

commercial kits that simply precipitate almost all content from the biofluid of interest), the substantial 

costs of kits, and the lack of information on the exact make-up of the kits’ precipitant, which would 

prevent the progress to utility that involves regulatory bodies. Bridging these issues, at least in part, 
a polyethylene glycol (PEG)-based method was developed that combines PEG-based precipitation 

and UC, resulting in EVs enriched samples that are suitable for downstream functional in vivo pre-

clinical studies[212]. Thus, we were interested in directly comparing the more traditional differential UC 

(dUC) method with the PEG followed by UC (PEG+UC) method. 

Although the EVs separation methods compared here have not previously been compared, many 

good publications have arisen from studies comparing other EVs separation techniques. However, 

typically, these comparison studies, whether they include CM[213,214] or other biofluids such as 

blood[106,215], involve using one pooled source of EVs. For our study, comparing PEG+UC to the 
traditional dUC method, we hypothesised that simply analysing one pooled sample may not be 

adequate for a fully informed comparison and that a range of similar, but different, sources of EVs 
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should be included. Thus, to test our hypothesis, we compared EVs isolates from CM of three 

different HER2+ breast cancer cell lines that grow in the same medium type. A graphical 

representation of both EVs separation methods and the subsequent characterisation methods used 

is summarised in Figure 2.1. 

 
Figure 2.1. Flow diagram of methodology used. 
(1) SKBR3, EFM192A, and HCC1954 cells were seeded in a complete medium and allowed to attach 
overnight. Complete medium was then replaced with medium containing EVs-depleted FBS (dFBS). 

After 48 hrs incubation, conditioned medium (CM) was collected and cells were counted. Each CM 

batch was divided into two equal volumes and used for EVs-enrichment method comparison (i.e., 

(2a) 312 ml of CM was used for EVs separation by differential ultracentrifugation (dUC); (2b) the 

other 312 ml were used for PEG-based method followed by ultracentrifugation (PEG+UC). The 

diagram shows the step-by-step of each approach used for EVs separation/enrichment and (3) the 

parameters evaluated during the subsequent characterisation of the isolates. The process was 

conducted a total of n = 3 times. Schematic representation was created with BioRender.com. 
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2.2 Aims of the study 

The main aims of the study were to assess the adequacy of analysing a single pooled sample for 

making informed comparisons and to explore the necessity of including a range of similar but different 

sources of EVs. We hypothesised that relying solely on one pooled sample might not provide a 

comprehensive understanding of the suitability of the EVs separation method. To test this hypothesis, 

we compared EVs isolates obtained from the CM of three different HER2-positive breast cancer cell 

lines that were grown in the same medium type. By examining the EVs from these distinct sources, 
the study aimed to evaluate whether analysing multiple samples is essential for a more 

comprehensive and accurate comparison of EVs separation methods. 
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2.3 Materials and Methods 

We submitted all relevant data of our experiments to the EV-TRACK knowledge base (EV-TRACK 

ID: EV210143)[208]. 

2.3.1 Cell culture 

Three HER2-positive breast cancer cell lines (SKBR3, EFM192A and HCC1954) were routinely 

maintained in RPMI-1640 medium (Sigma-Aldrich, Cat. #: R0883) supplemented with 10% foetal 

bovine serum (FBS) (Thermo Fisher Scientific, Cat. #: 10270-106), and 2 mM L-Glutamine (Sigma-

Aldrich, Cat. #: G7513) as complete medium. All cells were cultured at 37ºC with 5% CO2 and 

routinely tested to ensure that they were free of Mycoplasma contamination by the reverse-

transcriptase polymerase chain reaction (RT-PCR) (ATTC, Cat. #: 30-1212K). 

2.3.2 EVs preparation from conditioned cell medium 

Before CM collection, 26×T175 cm2 flasks (Corning, Cat. #: 431080) for EFM192A (6×106 cells/flask), 

HCC1954, and SKBR3 (3×106 cells/flask) were seeded in complete RPMI-1640 medium. The 

medium was replaced the next day with RPMI-1640 medium containing 10% EVs-depleted- FBS 

(dFBS), 2mM L-Glutamine, and 1% penicillin/streptomycin (P/S) (Sigma-Aldrich, Cat. #: P4333). 1% 

P/S was only used for dFBS media for EVs separation. EVs-depleted FBS was collected after 
ultracentrifugation (18 hrs 30 min, 186,600 × g, 4ºC – Type 70Ti rotor, Optima XPN-100 

ultracentrifuge, Beckman Coulter) and filtration through a 0.2 μm syringe filter (ThermoFisher, Cat. 

#: 723-2520). P/S was used for the EVs collection incubation period to prevent bacterial infections 

due to the increased handling involved in dFBS preparation.  

After the cells conditioned the medium for 48 hrs, approximately 624 ml aliquots of CM were collected 

from each cell line and divided into equal volumes to progress through the two protocols illustrated 

in Figure 2.1. Cells were counted and their viability checked, showing all cultures to be ≥95% viable. 

2.3.3 EVs separation by differential ultracentrifugation  

For the dUC approach, separation of EVs was performed following the protocol described by Théry 

et al. (2006)[209]. Briefly, 312 ml freshly harvested CM was spun at 300× g for 10 min (5810R 

centrifuge, Eppendorf, Hamburg, Germany). The resulting supernatant was then centrifuged at 

2,000× g for 10 min. After any dead cells were removed, the CM was further spun at 10,000× g for 
30 min at 4ºC in a 5810R centrifuge. The supernatant was then transferred to 8 × 39 ml Quick-Seal® 

polypropylene centrifuge tubes (Beckman Coulter, Brea, CA, USA; Cat. #: 342414) and spun at 

100,000× g for 70 min at 4ºC in an Optima XPN-100 Ultracentrifuge (Beckman Coulter) using a Type 

70Ti fixed-angle rotor (Beckman Coulter, Cat. #: 337922). The resulting eight pellets with EVs were 

washed in a combined total of 39 ml of 0.9% NaCl (Sigma-Aldrich, Cat. #: 71376) and ultracentrifuged 

exactly as previously performed. The final EVs pellet was resuspended in 100 μl of 10 mM 

HEPES/NaCl (Thermo Fisher Scientific, Cat. #:15630049) and stored at −80ºC. 
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2.3.4 EVs precipitation by PEG+UC washing step 

For the PEG + dUC approach, separation of EVs was performed following the protocol described by 

Ludwig et al. [212]. Briefly, 312 ml CM were spun at 2,000× g for 15 min and then 6,800× g for 45 min 
(5810R centrifuge, Eppendorf) and supernatants were filtered through a 0.2 μm syringe filter 

(ThermoFisher, Cat. #: 723-2520). A stock solution of PEG 6000 (50% (w/v)) (Sigma-Aldrich, Cat. #: 

81260) was added to the supernatants for a final concentration of 10% PEG and 75 mM NaCl (Sigma-

Aldrich, Cat. #: 71376). After inverting the tubes thrice to allow the samples to mix, the samples were 

stored at 4ºC for 16 hrs. Post 16 hrs incubation, samples were spun at 1,500× g for 30 min at 4ºC 

(5810R centrifuge, Eppendorf), and the supernatants were removed. To remove PEG residues, the 

pellets were combined and washed with 39 ml of 0.9% NaCl and transferred in 39 ml Quick-Seal® 
polypropylene centrifuge tubes (Beckman Coulter, Cat. #: 342414). Ultracentrifugation was 

performed using a Type 70Ti fixed-angle rotor (Beckman Coulter, Cat. #: 337922) in an Optima XPN-

100 Ultracentrifuge (Beckman Coulter) at 110,000× g for 2 hrs 10 min at 4ºC. The final EVs pellet 

was resuspended in 100 μl of 10 mM HEPES/NaCl (Thermo Fisher Scientific, Cat. #:15630049) and 

stored at −80ºC. 

2.3.5 Nanoparticle tracking analysis (NTA) 

Average size distribution and particle concentration analyses of the EV-enriched isolates were 

performed using a NanoSight NS500 system (Malvern Instruments Ltd., Malvern). Brownian motion 

of the particles was captured at 30 frames/s speed. For this, EVs samples were diluted using filtered 

Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma-Aldrich, Cat. #D8537), loaded onto the 

nanoparticle tracking analysis (NTA) using a NanoSight syringe pump, and videos of the particles 

were recorded and analysed using NTA version 3.3 software. Aliquots of the same filtered PBS were 
used as the control. 

2.3.6 Collection of protein lysate and EVs lysate for immunoblotting 
analysis 

Cells were seeded at densities detailed in Section 2.3.2. The following day, the medium was 

changed to 10% dFBS-containing RPMI-1640 medium as in Section 2.3.2. After 48 hrs of incubation, 

the medium was removed from the flask and the cells were washed twice with 4 ml of ice-cold PBS 

(Sigma-Aldrich, Cat. #: D8537). After washing, 1 ml of PBS was added to the flask and the cells were 

scraped by using a sterile cell scraper (Fisher Scientific, Cat. #: 08-100-241). Then, cells were placed 

in a 1.5 ml centrifuge tube (Eppendorf, Cat. #: 0030123328) and centrifuged at 10,000× g at 4°C for 
5 min. After centrifugation step, supernatant was removed and the pellet was resuspended in 50 μl 

of cell lysis buffer (Invitrogen, Cat. #: FNN0011) and 1X protease inhibitor (Roche, Cat. #: 

05892970001). The cell lysate was incubated for 30 min on ice, vortexed thrice (every 10 minutes, 

10 sec). After 30 min incubation, the samples were centrifuged at 16,000× g at 4°C for 10 min and 

supernatant was transferred to a new 1.5 ml centrifuge tube and stored at -20°C until required. EVs 
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aliquots were lysed by using 1:1 ratio of EVs suspension (50 μl) and lysis buffer with protease 

inhibitor. 

2.3.7 Protein content 

The protein content of the EVs samples was determined using the Micro BCATM Protein Assay Kit 

(Thermo Fisher Scientific, Cat. #23235). Protein analysis was performed according to the 

recommendations of the manufacturer using the 96-well plate procedure. 

2.3.8 Immunoblotting 

Cells and EVs isolates were lysed using cell lysis buffer (Thermo Fisher Scientific, Cat. #: FNN0011) 

supplemented with protease inhibitor cocktail (Roche, Basel, Switzerland; Cat. #: 04693116001). 

Ten μg of cell lysates and EVs lysates were loaded onto 7.5% Mini-PROTEAN TGXTM (Bio-Rad 

Laboratories, Cat. #: 4561023) or 10% Mini-PROTEAN TGXTM gels (Bio-Rad Laboratories, Cat. #: 

4561034) accompanied by a molecular weight (MW) marker, SeeBlue Plus2 Pre-stained standard 

(Invitrogen, Cat. #: LC5925). Separated proteins were transferred to an Immun-Blot® polyvinylidene 

fluoride (PVDF) membrane (Bio-Rad Laboratories, Cat. #: 1620174) using Trans-Blot® TurboTM 

Transfer System (Bio-Rad Laboratories, Cat. #: 1704150) and running MIXED MW (5-150 kDa; 7 
min, 1.3 A constant, up to 25 V), or HIGH MW protocols (>150 kDa; 10 min, 1.3 A constant, up to 25 

V). Following the transfer, the membranes were blocked with 5% (w/v) bovine serum albumin (BSA) 

in PBS containing 0.1% Tween-20 (PBS-T) and incubated overnight at 4ºC with the primary 

antibodies summarise in Table 2.1. After washing thrice with PBS-T, the membrane was incubated 

with anti-rabbit (1:1000; Cell Signaling Technology, Cat. #: 7074) or anti-mouse (1:1000, Cell 

Signaling; Cat. #: 7076) secondary antibodies in 5% BSA/PBS-T for 1 hr at room temperature (RT) 

and imaging was performed using an automated Chemidoc exposure system (Bio-Rad Laboratories) 
and using the SuperSignal West Femto Chemiluminescent Substrate Kit (Thermo Fisher Scientific, 

Cat. # 11859290) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher 

Scientific, Cat. #: 34096) for detection. Cell lysate (CL) from the individual cell line of origin was 

included in all gels as the control and densitometric analysis was performed using Fiji software[216]. 

Table 2.1. Antibody dilutions and conditions for immunoblotting. 

Primary 
Antibody 

Company, Cat. # Dilution 
Antibody 
condition 

Secondary Antibody 

Calnexin Abcam, ab133615 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD9 Abcam, ab236630 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD63 Abcam, ab68418 1:500 3% BSA/PBST Anti-Rabbit IgG 

GRP94 Cell Signaling, 2104S 1:1000 3% BSA/PBST Anti-Rabbit IgG 

HER2 Calbiochem, OP15 1:1000 3% BSA/PBST Anti-Mouse IgG 

Syntenin Abcam, ab133267 1:1000 3% BSA/PBST Anti-Rabbit IgG 

All secondary antibodies were diluted 1:1000 in 3% bovine serum albumin (BSA)/ PBS containing 

0.1% Tween-20 (PBS-T) 
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2.3.9 Transmission Electron Microscopy 

[TEM imaging of EVs was performed in the Advanced Microscopy Laboratory in Trinity Biomedical 

Sciences Institute by Mr. Neal Leddy as a paid service] 

 

Samples were prepared from transmission electron microscopy (TEM) analysis following our 

published protocol[217,218] that was adapted from a previous publication[219]. Briefly, 10 μl of the sample 

was placed onto carbon-coated grids (Ted-Pella B 300 M, Mason Technology Ltd., Cat. #: 01813-F) 

and incubated for 10 min at RT. After incubation, samples were fixed with 4% glutaraldehyde and 

contrasted with 2% phospho-tungstic acid. The grids were examined at 100 kV using a JEOL JEM-

2100 TEM (JOEL USA Inc.). 

2.3.10 Statistical Analysis 

All results presented were obtained from three independent experiments, starting each time with 

seeding a new batch of cells. Paired t-test analysis was performed using GraphPad Prism version 

9.1.9 for macOS (GraphPad Software). Data are expressed as means ± standard error of the mean 

(SEM). *p < 0.05; ** p < 0.01; *** p < 0.001. 
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2.4 Results 

2.4.1 Particle size and yield of EVs separated from CM differ based on 
the separation method and CM source 

The average sizes and particle concentration of the products separated from CM by each method, 

dUC and PEG+UC, and analysed by NTA are shown in Figure 2.2. Isolates obtained from SKBR3 

CM using the PEG+UC approach were significantly smaller than those obtained using the dUC 

method (Figure 2.2A). No significant differences in sizes were found for the HCC1954 and EFM192A 

isolates when comparing the two methods. Regarding the particle yield as determined by NTA, with 
CM from two of the three cell lines (i.e., EFM192A and SKBR3), significantly higher particle 

concentrations were obtained by the PEG+UC compared to the dUC method (Figure 2.2B). 
Specifically, the largest and most significant difference was found with the EFM192A samples 

(PEG+UC versus dUC: 6.9-fold; p = 0.0145), followed by the SKBR3 samples (2.75-fold; p = 0.0234). 

With the HCC1954 CM isolates, there was no significant difference whether they resulted from dUC 

or PEG+UC. 

 

It is noteworthy, however, that the qualitative TEM approach showed that both methods produced a 
range of particle sizes from CM of each of the three cell lines (Figure 2.3). The NTA representative 

size distribution graphs with the mean and modal sizes are provided in the Appendix I (Figure I-1), 

with the average sizes and particle concentration of the samples detailed in the Appendix I (Table 

I-1).      
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Figure 2.2. EVs characterisation by NTA. 
Characterising particles/EVs, released by HER2-positive cell lines and harvested using differential 

ultracentrifugation (dUC) or polyethylene glycol-based precipitation followed by ultracentrifugation 

(PEG+UC), by NTA. (A) Particle size mode estimations. (B) Quantification of particle/EVs numbers 

and normalising to ml of CM. Results represent n = 3 isolates ± SEM, *p < 0.05. 
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Figure 2.3. EVs characterisation by TEM. 
Characterising particles/EVs released by HER2-positive cell lines and harvested using differential 

ultracentrifugation (dUC) or polyethylene glycol-based precipitation followed by ultracentrifugation 

(PEG+UC) by TEM. Scale bar = 100 nm. 

dUC PEG + UC
EFM192A

HCC1954

SKBR3
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2.4.2 Protein quantification present after EVs separation from CM and 
purity 

As protein quantitates are sometimes analysed as a surrogate for EVs, here the relative amounts of 

protein (expressed as μg of protein/ml starting CM) present in each isolate was determined by the 

Micro BCATM Protein Assay Kit (Figure 2.4). These were found to differ significantly between the 

isolates of all three cell lines, always being highest in the samples obtained via the PEG+UC method. 

The means of protein amount for each condition are collected in the Appendix I (Table I-2). 
The ratio of the particle counts to protein concentration (particle/protein ratio; P/μg) obtained using 

tools such as NTA and bicinchoninic acid (BCA) assay, respectively, have been proposed as 

straightforward method to estimate the purity of EVs[220]. That study established that ratios greater 

than 3×1010 P/μg are associated with high vesicular purity; ratios between 2×1010–2×109 P/μg are 

considered low purity; and ratios <1.5×109 P/μg are impure. As illustrated in Figure 2.5, all the 

samples analysed in this study—regardless of whether separated by dUC or PEG+UC—showed a 

ratio higher than 3×1010 P/μg and so would be of high purity. However, a relatively greater purity was 

achieved with dUC (4.74×1011 ± 6.73×1010) compared to PEG+UC (1.41×1011 ± 1.21 × 1010) for the 
HCC1954 samples. Conversely, the opposite was found with the SKBR3 samples (4.45 × 1010 ± 8.40 

× 109 and 8.52 × 1010 ± 7.61 × 109, respectively), where a higher purity ratio resulted in the samples 

obtained by the PEG+UC compared to the dUC approach, although statistical significance was not 

reached (p = 0.054). 

 

 

Figure 2.4. Protein quantification of EVs isolates. 
Mean values of protein concentrations (μg of protein/ml of starting conditioned medium) of n = 3 
isolates ± SEM are illustrated, *p < 0.05. 
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Figure 2.5. Particle to protein ratio to estimate EVs’ purity. 
Mean values of particles to protein ratios (particles/ μg of protein) of n = 3 isolates ± SEM are 

illustrated, *p < 0.05. 

2.4.3 Presence of EVs specific markers and HER2 varied depending on 
the cells of origin and EVs separation method applied. 

In keeping with MISEV2018 guidelines[105], immunoblotting analysis was performed on EVs lysates 

and cellular lysates for the EVs positive markers, CD63, syntenin, and CD9. Two proteins not 

considered to typically be enriched in EVs (i.e., GRP94 and calnexin) were also analysed. 
Regardless of the EVs separation method used, GRP94 and calnexin were not detected with any of 

the EVs samples analysed (Figure 2.6A). Both the dUC and PEG+UC generated samples were 

positive for all three EVs positive markers (Figure 2.6A, with densitometric analysis of n = 3 

presented in Figure 2.6B). Although equal quantities of protein were loaded on the gels, the 

enrichment of EVs markers in isolates obtained was cell line- and EVs separation method-

dependent. For SKBR3, there were no significant differences detected. CD63 was found to be 

enriched in PEG+UC versus dUC isolates obtained from EFM192A CM. However, its presence was 
lower in the HCC1954 samples using PEG+UC compared to dUC, albeit not significantly. With 

EFM192A and HCC1954, significantly more CD9 was detected following dUC compared to 

PEG+UC, while no significant difference was found with CD9 for SKBR3. 
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As all three cell lines are HER2-positive, we investigated the presence of HER2 in these isolates 

(Figure 2.7). As for the EVs markers, although equal quantities of protein were loaded on the gels, 

the enrichment of HER2 in the isolates obtained was cell line-/EVs separation method-dependent. 

Specifically, for SKBR3, PEG+UC resulted in significantly more detectable HER2 compared to the 

isolates resulting from dUC. Conversely, for HCC1954, dUC compared to PEG+UC resulted in 

significantly more HER2.  
 

 

Figure 2.7. Immunoblots of HER2 markers present on the samples. 
(A) Ten μg of protein lysates (EVs from PEG+UC or dUC, or corresponding donor cell line) was 
loaded per lane and analysed for HER2. This blot represents three independent experiments and 

the densitometric analysis of these three are presented in (B), with each bar representing the mean 

of the densities of the signals from n = 3 repeat experiments ± SEM, *p < 0.05. 
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2.4.4 Summary of findings 

Table 2.2 brings together the main observations from this study. 

Table 2.2. Summary of the comparison of dUC and PEG+UC separation of EVs from the CM 
of three cell lines. 

Characteristics/ 
Parameters Evaluated 

(method) 

Changes (statistically significant ↑ or ↓) with PEG+UC versus 
dUC 

SKBR3 source EFM192A source HCC1954 source 

Size 
(NTA) ↓ PEG+UC ns ns 

Particles/ml of CM 
(NTA) ↑ PEG+UC ↑ PEG+UC ns 

Size distribution and 
structure 

(TEM) 

Qualitative, 
so statistical analysis 

not possible 

Qualitative, 
so statistical analysis 

not possible 

Qualitative, 
so statistical analysis 

not possible 
μg protein/ml of CM 

BCA) ↑ PEG+UC ↑ PEG+UC ↑ PEG+UC 

Purity ratio 
(particles/μg protein as 

NTA/BCA) 
ns ns ↓ PEG+UC 

EVs protein markers 
(immunoblots) 

CD63: ns 
Syntenin: ns 

CD9: ns 
GRP94: Undetected 

Calnexin: 
Undetected 

CD63: ↑ PEG+UC 
Syntenin: ns 

CD9: ↓ PEG+UC 
GRP94: Undetected 

Calnexin: 
Undetected 

CD63: ns 
Syntenin: ns 

CD9: ↓ PEG+UC 
GRP94: Undetected 

Calnexin: 
Undetected 

HER2 
(immunoblots) ↑ PEG+UC ns ↓ PEG+UC 

ns = not significant 
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2.5 Discussion 

EVs play an important role in normal and pathological mechanisms carrying functional molecules 

including proteins, lipids, and nucleic acids. Over recent years, interest in the EVs field has increased 

considerably and EVs have been associated with numerous pathological processes as well as 

physiological roles including inflammation[103], tissue regeneration[104], osteogenesis[221], and 

hypoxia[222]. In cancer, for example, our group was the first to show that EVs can transmit resistance 

to anti-cancer drugs[151,152]. The potential of EVs, for example, from mesenchymal stem cells (MSCs), 
as therapeutics and natural drug delivery systems is also of substantial interest[97,104]. Areas in this 

field that need further attention in our effort toward exploiting the therapeutic potential of EVs, 

especially those released from cultured mammalian cells, include the EVs separation/enrichment 

step[223,224]. 

As mentioned in the Section 2.1, indeed, a few EVs separation comparison studies have been 

reported; albeit not comparing the specific methods included here. The consensus from those studies 

is that the method of EVs separation used depends on the downstream application of the recovered 

EVs. While we are fully in agreement with this, we felt that it was important to take a further step back 
and establish whether information on the comparison of methods obtained from only one cell line’s 

CM can be assumed to be correct for others and so extrapolated. As we have summarised in Table 
2.2, considering CM from three similar, but different, cell lines (i.e., three independent HER2-positive 

cell lines, cultured in the same type of medium), had we only worked with one of these—rather than 

all 3—and extrapolated, we would have produced some misleading results. It is important to note 

that this is not due to a lack of reproducibility when working with dUC or PEG+UC on any of the cell 

lines’ CM, as the results from all three independent repeat experiments were very reproducible for 
each of SKBR3, EFM192A, and HCC1954. Specifically, in relation to the EVs size recorded by NTA, 

PEG+UC resulted in smaller particles than those obtained by dUC for SKBR3, but not for EFM192A 

or HCC1954. In 2/3 cases (SKBR3 and EFM192A), PEG+UC resulted in a higher quantity of 

particles, but this was not so with HCC1954. One exception of the seven parameters considered 

(Table 2.2) was protein quantity, which possibly included protein “contaminants” and was 

significantly higher with PEG+UC vs. dUC. This was not unexpected, as the group who developed 

this protocol and applied it to CM from HEK293T cells[212] reported higher amounts of impurities/non-

EVs associated molecules when comparing their method to sucrose density gradients (GUC). 
Conversely, however, the gain with PEG+UC was that the isolates maintained therapeutic activity 

(unlike those derived by GUC) and those therapeutic activities did not seem to be because of the 

impurities. Having said that, in relation to impurities, if we consider the method reported by Webber 

and Clayton[220] to estimate impurities, the isolates obtained from all three cell lines’ CM using dUC 

or PEG+UC fell within the threshold of high vesicular purity, even if, within that range, the dUC 

isolates have a ratio value significantly higher than the PEG+UC isolates for one of the three cell 

lines (i.e., HCC1954). 

Regardless of the CM source or method employed, all EVs samples were negative for GRP94 and 
calnexin, which are typically considered to be negative markers for EV; in keeping with the suggestion 

of—at most—minimal impurities being present. Conversely, all three proteins considered to be 
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positive markers of EVs (i.e., CD63, syntenin, and CD9) were detected to different extents in all 

isolates, supporting the presence of EVs. The only significant difference observed following 

densitometry analysis of all blots with PEG+UC compared to dUC was a significant decrease in CD9 

for both EFM192A and HCC1954 and a significant increase in CD63 for EFM192A. Regarding HER2, 

although all three cell lines are HER2-positive and HER2 was detected on all EVs isolates (reflecting 

the status of their cancer cells of origin), the results obtained from the analysis of the products 
showed differences that were cell line-/method-dependent (i.e., comparing PEG+UC to dUC 

isolates). Specifically, for EFM192A, there was no significant difference in HER2 regardless of the 

method, while PEG+UC compared to dUC resulted in significantly more and significantly less HER2, 

respectively, for SKBR3 and HCC1954. 

Altogether, our findings suggest that both dUC and PEG+UC have uses as reproducible methods for 

separating quite pure EVs, although PEG+UC tends to (but does not always) precipitate more 

particles and proteins that may not be of EVs origin. However, importantly, what our study also shows 

is that consideration must be given to the inclusion of more than one source of CM (and so potentially 
the same for other biofluids) when EVs separation techniques are being compared, rather than using 

a single or pooled sample that may not generate results that can be extrapolated to other samples. 

2.6 Conclusions 

Findings from the current study indicate that different EVs sources should be included into 

comparison studies of EVs separation methodologies to select the best methodology for a specific 

source of EVs. 
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Chapter 3  

A potential role for AGR2 in neratinib-resistance 
in breast cancer 
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Abstract 

HER2-overexpression occurs in ~20% of breast cancers and confers aggressive behaviour and 
poorer prognosis. Although several drugs such as neratinib have been developed to target HER2, it 

is estimated that up to 70% of patients with HER2-overexpressing breast cancer do not gain benefit, 

due to innate or acquired drug-resistance. This study investigated if differences in the proteome 

profile occurred between HER2-positive breast cancer cell lines (representing three patients’ 

tumours) and their neratinib-resistant counterparts, to shed light on the neratinib resistance 

mechanism. 

 

Mass spectrometry-based quantitative proteomics was used to analyse the protein expression profile 
of HER2-positive breast cancer cell lines (HCC1954, SKBR3 and EFM192A) and their neratinib-

resistant (NR) counterparts developed in our laboratory (HCC1954 NR, SKBR3 NR and EFM192A 

NR). These experiments were repeated n = 3 times. The differential expression analysis of the three 

parental cell lines individually, versus their resistant counterparts was investigated. The workflow run 

in R was based on (DEP) package developed by Zhang et al. (2012)[225] and a total of 18 samples 

from HER2+ breast cancer cells were analysed. Gene Ontology and pathway analysis were 

performed by enrichr web tool. Principal component analysis (PCA) was also performed. 
Differentially expressed proteins were defined as false discovery rate (FDR) < 0.05 and |log2(fold 

change)|≥1.5.  

 

A total of 105 differentially expressed proteins were found. Of those, 57 were differentially expressed 

between HCC1954 cell variants, 43 between SKBR3 cell variants and 7 between EFM192A cell 

variants. Notably, only AGR2 was down-regulated in two different cell line variant pairs (HCC1954 

and SKBR3 variants) and no differentially expressed proteins were shared between the three 

different cell line pairs. Protein expression of AGR2 was assessed using immunoblotting analysis, 
and subsequent transfection of AGR2 in HCC1954 NR and SKBR3 NR cell line variants was 

performed to evaluate its role in the neratinib mechanism(s). 

 

Successfully transfection of AGR2 into neratinib-resistant cell lines achieved a notable outcome by 

partially restoring their sensitivity to neratinib. Additionally, this transfection resulted in a decrease in 

the migratory and invasive abilities of the neratinib-resistant cell variants. Further analysis of AGR2 

role in neratinib-resistant mechanisms is warranted.  
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3.1 Introduction 

As mentioned in Section 1.1, the GCO identified breast cancer as the most common cancer form 

worldwide in 2020[1], with an estimated 15-20% of breast cancers over-expressing HER2[226]. The 

discovery of HER2 in the 1980s allowed the development of therapeutical strategies that have 

dramatically changed the natural history of HER2+ breast cancer, with significantly improved 

outcomes[227–229]. 

Despite the development of HER2-targeted therapies such as trastuzumab, lapatinib, pertuzumab, 
or neratinib, it is estimated that up to 70% of patients with HER2-overexpressing tumours do not gain 

benefit, because of innate-, acquired- and cross-resistance to HER2-targeted therapies; the main 

reason for which these drugs fail in the clinic. Further investigations and continued efforts are 

required to unravel the main effectors of resistance to predict the outcome of treatments and offer 

more therapeutic targets and thus options to a wider range of patients[230,231]. 

Neratinib was approved by FDA in 2017, and by EMA in 2018, for extended adjuvant treatment of 

early stage HER2+ BC. Neratinib is still undergoing clinical trials. A phase I/II study (NCT00398567) 

has been shown neratinib to be effective in HER2+ BC with acquired and innate resistance to 
trastuzumab and its combination with trastuzumab was safe and well-tolerated, improving clinical 

outcomes in some subsets of patients[46]. A phase III ExteNET trial demonstrated a significantly 

improvement on 5-year iDFS in early-stage BC patients, after trastuzumab-based adjuvant therapy 

(NCT00878709)[47]. An open-label phase II monotherapy trial is underway in HER2+ BC patients with 

brain metastasis (NCT01494662)[48]. Although neratinib has shown efficacy in blocking the signalling 

of EGFR family receptors, resistance to it may be acquired, as for anti-cancer drugs. For that reason, 

further investigation to understand the ability of cancer cells to acquire neratinib resistance and the 
associated effects on cell behaviour is required[45]. After developing novel neratinib-resistant cell 

variants of HER2+ breast cancer cell lines[64,232], our group revealed a novel mechanism of neratinib 

resistance based on a rise of metabolism of neratinib in these cell variants due to increased CYP3A4 

activity. HER2 expression was also down-regulated in the neratinib resistant variants. Also, the 

resistance to neratinib conferred cross-resistance to other HER2-targeted therapies used for breast 

cancer including trastuzumab, lapatinib, and afatinib, and resistant variants had more aggressive 

behaviour (i.e., increased invasiveness) than their drug-sensitive counterparts[64]. However, no 

previous proteomic analysis has been performed before to compare the neratinib-sensitive cell lines 
with their neratinib-resistant counterparts. 

3.2 Aims of the study 

Here, in efforts to identify a mechanism(s) responsible for neratinib resistance, we apply a global 

proteomics approach to investigate the differences in proteome that occur between three HER2-

positive breast cancer cell lines representing three patients’ tumours and their neratinib counterparts. 

The subsequent overall objective was to validate those findings by immunoblot and to investigate if 

AGR2 expression was indicative of neratinib resistance by functional assays. 
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3.3 Materials and Methods 

3.3.1 Proteomic profiling 

Mass spectrometry (MS)-based quantitative proteomics was used to analyse the protein expression 

profile of the three pairs of cell line variants. These experiments were repeated n = 3 times. The 
differential expression analysis of the three parental cell lines individually, versus their resistant 

counterparts was investigated. The approach followed for the proteomic analysis is depicted in 
Figure 3.1. 

3.3.1.1 Cell culture, protein extraction and processing 
EFM192A and EFM192A NR (HER2+ER+) cells were seeded at 2×106 cells per T75 cm2 flask 

(Corning, Cat. #: 431464U) and HCC1954, HCC1954 NR, SKBR3 and SKBR3 NR (HER2+ER-) were 

seeded at 1×106 cells in complete RPMI-1640 media and allowed to grow during 72 hrs until 80% 

confluence. Media was then removed, and cells were washed with cold PBS (Sigma-Aldrich, Cat. #: 

P8537) twice. One millilitre of PBS was then added to the flasks and the cells were scraped using a 

sterile cell scraper (Fisher Scientific, Cat. #: 08-100-241). Cell suspensions were centrifuged at 
10,000× g at 4°C for 5 min and the pellet was resuspended in 6M urea (Sigma-Aldrich, Cat. #: U5378) 

and 50mM ammonium bicarbonate (ABC) (Honeywell, Cat. #: 1066- 33-7). Samples were vortexed 

and incubated for 30 min at RT and sonicated on ice 20 sec (pulse time 5 sec, pulse off time 5 sec). 

After sonication, samples were centrifuged at 16,000× g for 10 min. The protein concentration of all 

the samples were determined by the Bradford assay method[233]. Bio-Rad protein assay dye reagent 

(Bio-Rad, Cat. #: 500-0006). Briefly, 2 mg/ml BSA stock was prepared and diluted 1:10 to obtain a 

working concentration of 0.2 mg/ml. A standard curve was prepared using BSA standards of 0 – 50 

μg/ml diluted in urea lysis buffer to calculate the protein content of the samples. 5 μl of each sample 
was mixed with 40 μl of Bio-Rad Dye concentrate reagent and MS grade H2O for a final volume of 

200 μl, mixing carefully. Absorbance was read at 595 nm after 20 min using a FLUOstar® OPTIMA 

microplate reader (BMG Labtech). After calculating the protein quantity of the samples from the 

standard curve, samples were prepared to contain 50 μg protein in 30 μl solution for their subsequent 

digestion. 
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Figure 3.1. Workflow of proteomic profiling study. 
Schematic representation was created with BioRender.com 
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3.3.1.2 Protein digestion by in-solution tryptic digestion 
Freshly prepared 100 mM dithiothreitol (DTT) (Sigma-Aldrich, Cat. #: D0632-1G) was added to the 

cell lysate samples using a ratio of sample volume / 20 calculated for each sample to achieve a final 

concentration of 5mM. Tubes were vortexed and incubated at 60°C for 30 min to remove disulphide 

bonds in proteins. After incubation, samples were centrifuged to collect the protein samples down in 

the tube and 200mM of iodoacetamide solution (IAA) (Sigma-Aldrich, Cat. #: I1149-5G) was added 

using a ratio of total sample volume (including DTT)/20, calculated independently for each sample. 

Samples were then vortexed and incubated in the dark at RT for 30 min. Then samples were diluted 

sufficiently with 50mM ABC to reduce the concentration of urea to < 2M. A vial of trypsin singles 
(Sigma-Aldrich, Cat. #: T7575) was added to each reduced, alkylated sample. Followed the trypsin 

addition, samples were vortexed and incubated overnight at 37°C on a thermomixer (Eppendorf) at 

350× rpm. Trypsin digestion was stopped by adding HPLC grade acetic acid (Fisher Scientific, Cat. 

#: A/0406/PB08), 1% of the final volume, and samples were prepared for peptide desalting step by 

centrifugation at 10,000× rpm for 5 min. 

3.3.1.3 Quantitative LC-MS/MS analysis 
[LC-MS/MS analysis was performed in the UCD Conway Proteomics Core - Mass Spectrometry 

Resource by Dr Eugène T. Dillon as a paid service] 

 

Prior to Liquid Chromatography with tandem mass spectrometry (LC-MS/MS) analysis, the peptide 

samples were desalted using C18 ZipTip® pipette tips (Millipore, Cat. #: ZTC18S960) following the 
manufacturer’s protocol. Briefly, 10 μl of wetting and elution solution [50% acetonitrile (ACN) in 0.1% 

trifluoroacetic acid (TFA) prepared in MS grade H2O] was aspirated into the tip and dispensed to 

waste and repeated thrice. Once the tip was equilibrated, aspiration and dispensing cycles were 

performed 3-7 times (simple mixtures) up to 10 times (complex), consistently pipetting from just under 

the level of solution and not at the bottom of the tube to avoid insoluble aggregates that could clog 

the stage tip. After aspiration and dispensing sample cycles, equilibration and washing solution (0.1% 

TFA in MS grade H2O) was aspirated and dispensed twice. After binding of the protein and washing 
step, 10 μl of elution solution was dispensed into a clean vial with a standard pipette tip and 3 

aspiration and dispensing sample cycles were performed through the zip tip into the elution solution 

without introducing air. Following this, samples were subjected to an evaporation process for 10-15 

min using the CentriVap concentrator and then resuspended in 25 μl of 0.5% acetic acid containing 

2.5% ACN. Finally, samples were centrifuged at 15,000× rpm at 4°C for 5 min and 20 μl supernatant 

were transferred to the MS vial, leaving a small drop at bottom of the tube. To determine the peptide 

concentration of the samples, PierceTM Quantitative Colorimetric Peptide Assay (Thermo Scientific, 

Cat. #: 23275) was used following the manufacturer’s instructions. Briefly, eight standard 
concentrations were prepared in a range of 0-1000 μg/ml and 20 μl of standards or dilute samples 

were placed into a 96-well microplate. 180 μl of working reagent were added to each well and the 

plate was mixed using a plate shaker for 1 min. The plate was then covered and incubated at RT for 

30 min and absorbance was read at 480 nm using a FLUOstar® OPTIMA microplate reader (BMG 

Labtech). Samples were diluted to a final concentration of 40 ng/μl for the identification and 
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quantification of the proteins using timsTOF Pro Mass Spectrometer (Bruker Daltonics, Bremen, 

Germany) coupled to a nanoElute (Bruker Daltonics, Bremen, Germany) ultra-high pressure 

nanoflow chromatography system (UHPnLC). The peptides were separated on a reversed-phase 

C18 Aurora column (25cm x 75 μm ID, C18, 1.6 μm; IonOpticks) at a constant flow rate of 250nL/min 

and an increasing acetonitrile gradient. Mobile phases were 0.1% (v/v) formic acid in water (phase 

A) and 0.1% (v/v) formic acid in acetonitrile (phase B). The peptides were separated by a gradient 
starting from 2% of mobile phase B and increased linearly to 32% for 60 min. This was stepped up 

to 95% of mobile phase B where it was maintained for 7 min. The injection volume was 5 μL, 

equivalent to a loading of 200 ng per sample. 

 

The timsTOF Pro mass spectrometer was operated in positive ion polarity with TIMS (Trapped Ion 

Mobility Spectrometry), and PASEF (Parallel Accumulation Serial Fragmentation) modes enabled. 

The accumulation and ramp times for the TIMS were both set to 100 ms, with an ion mobility (1/k0) 

range from 0.62 to 1.46 Vs/cm. Spectra were recorded in the mass range from 100 to 1,700 m/z. 
The precursor MS Intensity Threshold was set to 2,500 and the precursor Target Intensity set to 

20,000. Each PASEF cycle consisted of one MS ramp for precursor detection followed by 10 PASEF 

MS/MS ramps, with a total cycle time of 1.16 s. 

3.3.1.4 Data mining and Bioinformatics analysis 
 [Bioinformatic analysis of proteomic data was performed by ESR Joaquin Jurado Maqueda under 

the supervision of Dr Carla Olivera, Bioinf2Bio, Porto, Portugal, as part of a TRAIN-EV MSCA-ITN 

collaboration]  

 

The DEP package in R software version 1.4.1106 for Windows was used to analyse a total of 18 

samples (n = 3 of six cell line variants) from HER2+ breast cancer cells[234]. Protein hits identified 
from the reversed database were removed and protein groups were filtered for q-value < 1%. Label-

free quantification (LFQ) intensities extracted by MaxQuant were log2-transformed and normalised 

by variance stabilisation. Only those proteins with LFQ intensity > 0 and presented in more than one 

replicate of at least one cell line were considered. Missing values were replaced by imputation using 

random draws from a Gaussian distribution centered around a minimal value (q=0.01). Differential 

enrichment analysis was performed by applying empirical Bayes methods on protein-wise linear 

models using limma package[235]. False discovery rate (FDR) estimates were obtained by fdrtool. 

Differentially expressed proteins (DEP) were those with |log2(Fc)| > log2(1.5) and q-values (tail area-
based FDR) < 0.05. Gene Ontology and pathway analysis were performed by enrichr web tool[236].  

3.3.2 Immunoblotting 

To validate differential expression of key proteins identified, immunoblot analysis was performed. A 

total of 30 μg protein per sample was resolved on a 10% Mini-PROTEAN TGXTM 10-well gel (Bio-
Rad Laboratories; Cat. #: 4561034) as per Section 2.3.8. To evaluate the presence of AGR2 in the 

EVs’ lysates, a total of 10 μg of protein was resolved as mentioned. All antibody conditions and 
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catalogue numbers used in this chapter are detailed in Table 3.1. Densitometric analysis was 

performed using Fiji software[216]. 

Table 3.1. Antibody dilutions and conditions for immunoblotting. 

Primary 
Antibody Company, Cat. # Dilution Antibody 

condition Secondary Antibody 

AGR2 Abcam, ab76473 1:1000 3% 
BSA/PBST Anti-Rabbit IgG 

β-Actin Sigma-Aldrich, A1978 1:5000 3% 
BSA/PBST Anti-Mouse IgG 

E-cadherin Abcam, ab40772 1:1000 3% 
BSA/PBST Anti-Rabbit IgG 

N-cadherin Abcam, ab76011 1:1000 3% 
BSA/PBST Anti-Rabbit IgG 

Vinculin Cell Signaling, 
13901S 1:1000 3% 

BSA/PBST Anti-Rabbit IgG 

TGFβ-1 Abcam, ab179695 1:1000 3% 
BSA/PBST Anti-Rabbit IgG 

HER2 Calbiochem, OP15 1:1000 3% 
BSA/PBST Anti-Mouse IgG 

All secondary antibodies were diluted 1:1000 in 3% bovine serum albumin (BSA)/ PBS 
containing 0.1% Tween-20 (PBS-T) 

3.3.3 VEGF ELISA 

Vascular Endothelial Growth Factor (VEGF) concentration was quantified in the cell lysates (Human 

VEGF DuoSet ELISA, R&D Systems, Cat. #: DY2938-05) according to the manufacturer’s 

instructions. In brief, the capture antibody (R&D Systems; Cat. #: 841495) was resuspended and 
diluted in PBS (R&D Systems, Cat. #: DY006), as recommended by the manufacturer. 100 μl/well of 

diluted capture antibody were placed in 96-well microplates (R&D Systems, Cat. #: DY990) and 

incubated overnight at RT. The following day, plates were washed thrice with diluted ELISA washing 

buffer (R&D Systems, Cat. #: WA126) and unspecific binding sites were blocked by adding 300 μl of 

diluted reagent diluent (R&D Systems; Cat. #: DY995) to each well during 1 hr at RT. After incubation 

time, wells were washed again thrice and 100 μl of samples (10 μg cell lysates) or standards in 

reagent diluent were added to the well and incubated at RT for 2 hrs. Then, plates were washed 

thrice and 100 μl of the detection antibody (R&D Systems, Cat. #: 840163) was added to each well 
and incubate during 2 hrs at RT. Then plates were washed thrice again and 100 μl of diluted 

streptavidin-HRP solution (R&D Systems, Cat. #: 893803; 40-fold) was added to each well. After 20 

min of incubation in dark, wells were washed thrice and 100 μl of substrate solution (1:1 mixture of 

Color Reagent A and Color reagent B, R&D Systems, Cat. #: DY999) were added and incubated at 

RT in dark. The reaction was stopped by adding 50 μl of stop solution (R&D Systems, Cat. #: DY994) 

to each well and the optical density (OD) was determined immediately at 450 nm using a FLUOstar® 

OPTIMA microplate reader (BMG Labtech; Serial #: 08-100-241). Wavelength correction was 
performed by subtracting readings at 570 nm from the readings at 450 nm.  
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3.3.4 Generation of stable AGR2 transfectants 

To perform cell transfection, HCC1954 NR and SKBR3 NR cells were seeded at 25×105 and 36×105 

cells/well, respectively, into six-wells plates (Costar, Cat. #: 3516) and cultured for 24 hrs. Plasmids 
containing AGR2 cDNA (EX-I0122-M94), EGFP cDNA (EX-EGFP-M94) and empty vector (EX-NEG-

M94) were purchased from Genecopoeia.  

Two micrograms of plasmid were transfected using FuGENE 4K [Promega, Cat. #: E5911] according 

to manufacturer’s protocol. Successful transfection was verified by fluorescence microscopy to detect 

expression of the integrated selection marker GFP. A day later, positive cells were selected in 

complete medium containing 2 µg/ml puromycin [Sigma-Aldrich; Cat. #: P4512]. These cells were 

expanded as pools of puromycin-resistant cells after 4 weeks under selection pressure. Un-
transfected cells were used as negative controls. HCC1954 NR-pcAGR2, HCC1954 NR-pcEGFP, 

HCC1954 NR-pcEmpty, SKBR3 NR-pcAGR2, SKBR3 NR-pcEGFP, and SKBR3 NR-pcEmpty were 

established. The workflow followed is summarised in Figure 3.2. 

 

 
Figure 3.2. Pipeline for transfection protocol. 
Schematic representation was created with BioRender.com 

3.3.5 cDNA extraction and AGR2 expression study by RT-qPCR 

cDNA from HCC1954, HCC1954 NR, HCC1954 NR-pcAGR2, HCC1954 NR-pcEMPTY, SKBR3, 

SKBR3 NR, SKBR3 NR-pcAGR2, and SKBR3 NR-pcEmpty was constructed using the SuperScript 

IV CellsDirect cDNA synthesis kit (Invitrogen, Cat. #: 11750150). Quantitative reverse transcription 

polymerase chain reaction (RT-qPCR) was performed using PowerUPTM SYBRTM Green Master Mix 
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(Invitrogren, Cat. #: A25741). Transfection efficiency was established by comparing levels of AGR2 

amplification normalise to the housekeeping gene β-actin in each sample. Primers: AGR2 primer 

(GeneCopoeia, Cat. #: HQP090714); KiCqStartTM ACTB primers (Sigma-Aldrich, Cat. #: H_ACTB_1, 

NM_001101) were used. Amplification was performed in triplicate in a ViiA™ 7 Real-Time PCR 

System with 96-Well Block (Applied Biosystems™, Cat: # 4453534) according to the cycling protocol 

recommended by the Master Mix’s manufacturer’s recommendations (see Table 3.2) The specificity 
of the PCR products was confirmed by dissociation curve analysis. 

Table 3.2. RT-qPCR reaction settings. 

Step Temperature Time Cycles 

Hold Stage 
50ºC 2 min 

1 
95ºC 2 min 

PCR Stage 
95ºC 1 sec 

40 
60ºC 30 sec 

Melt Curve 
Stage 

95ºC 15 sec 

1 60ºC 1 min 

95ºC 15 sec 

3.3.6 Proliferation assay 

HCC1954 and SKBR3 cell variants were seeded in 96-well plates (Costar, Cat. #: 3595) at a density 

of 3×103/well and 5×103/well, respectively. Cell proliferation was measured at 24, 48, 72 and 96 hrs 

after seeding using acid phosphatase assay method[237]. Briefly, the culture medium was removed, 

and cells were washed twice by adding 100 μl/well PBS. Then, fresh phosphatase substrate buffer 
was prepared by adding 0.27 g of 10mM p-nitrophenol phosphate (VWR chemicals, Cat. #: 

27963.101) per 100 ml 1M sodium acetate buffer [500 ml dH2O, 4.1 g sodium acetate (Sigma-

Aldrich, Cat. #: S5636), 500 μl Triton X (Sigma-Aldrich, Cat. #: T8787), pH to 5.5] and 100 μl was 

added to each well. The plates were kept in dark by wrapping them in aluminium foil and placed in 

an incubator at 37ºC (5% CO2) for 1 hr 30 min. After the incubation period, 50 μl of 1M NaOH (Sigma 

Aldrich, Cat. # S5881) was added to each well to stop the reaction. The absorbance was read at 405 

nm using the FLUOstar® OPTIMA microplate reader (Serial #: 08-100-241). 

3.3.7 Cytotoxicity assay 

The half-maximal inhibitory concentration (IC50) values of HCC1954 and SKBR3 variants for neratinib 

was determined using in vitro cytotoxic proliferation assay. HCC1954 cell variants were seeded at 

3×103 cells/well while SKBR3 cell variants were seeded at 5×103 cells/well in a 96-well plate (Costar, 

Cat. #: 3595). Twenty-four hours after seeding, cells were exposed to increasing concentrations of 
neratinib to obtain a final volume of 200 μl/well. Concentrations of neratinib were as follows: 0 – 100 

nM for HCC1954 and SKBR3; 0 – 900 nM HCC1954 NR cell variants; 0 – 300 nM SKBR3 NR cell 

variants. After 5 days culture in the presence of neratinib, cell viability was measured using the acid 

phosphatase as described previously in Section 3.3.6. 
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3.3.8 Anoikis-resistance assay 

Anoikis (Greek term that means “homeless wanderer) is a particular type of apoptosis that take place 

in the absence of ECM or upon cell adhesion to inappropriate location[238]. However, during 
metastatic colonisation, cancer cells need to be able to evade anoikis, becoming anoikis-resistant 

and survive in suspension[239]. 

Twenty-four-well plates were coated for anoikis-resistance assay by coating wells with 200 μl/well of 

poly (2-hydroxyethyl methacrylate) [poly-HEMA] (Sigma-Aldrich, Cat. #: P3932) solution (12 mg/ml 

poly-HEMA prepared in 95% ethanol). Poly-HEMA was allowed to completely evaporate by leaving 

in a biosafety cabinet overnight with the lid opened. The process was repeated the following day. As 

a control, wells were coated with 95% ethanol in place of the poly-HEMA. Cells were seeded at 2.5 
x 104 cells/well in 400 μl of completed RPMI-1640 medium. After 72 hrs, 50 μl of AlamarBlue dye 

(Invitrogen, Cat. #: DAL1100) was added to each well and incubated at 37°C, 5% CO2 for 3.5 hrs. 

Cell survival was determined by reading the plate at an absorbance of 570 nm using a FLUOstar® 

OPTIMA microplate reader.  

3.3.9 Wound healing assay 

HCC1954 and SKBR3 cell variants were seeded at 2.5×105 and 3×105 cells/well, respectively, in 24-

well plates (6 wells were seeded for each cell variant) (Costar, Cat. #: 3524). Cells were allowed to 

attach overnight to form a monolayer. Medium was removed from wells and the monolayer of cells 

was scratched using a p200 tip. 1% FBS-supplemented RPMI medium was carefully placed in each 

well and the wound size was captured by phase contrast microscopy using ImageJ/Fiji® plugin 

Wound_healing_size_tool[240] at 0, 24 and 48 hrs. The wound area (%) calculated by the tool was 

used to calculate the percentage of wound closure, defined as the difference between the wound 
area at 0 hrs and the wound area at 24 or 48 hrs. The assay was repeated three times.  

3.3.10 Transwell invasion assay 

ECM (Sigma-Aldrich, Cat. #: E1270) diluted with serum-free RPMI medium at concentration of 1 

mg/ml was thawed at 4ºC overnight. Polyester (PET) membrane transwell inserts with a pore size of 

8 μm (Falcon, Cat. #: 353097) were coated with the ECM by adding 200 μl to each insert placing 
them in a 24-well plate. The plate was incubated at 37ºC, 5% CO2 overnight. The following day, the 

ECM-coated inserts were washed twice with 200 μl serum-free RPMI media. HCC1954 and SKBR3 

cell variants were seeded at 2.5×104 and 2.5×105 cells/well, respectively, in 400 μl 1% FBS-

containing RPMI medium, respectively. 400 μl of complete 10% FBS supplemented RPMI-1640 was 

placed in the wells below the insert, to make a cell nutrient gradient to encourage cells to invade 

though the pores of the insert. Cells were allowed to invade through ECM and pores for 48 hrs. 

Following this, the inside of each insert was washed with a PBS-soaked Q-tip. Inserts were stained 
with 0.1% crystal violet (Sigma-Aldrich; Cat. #: C6158) for 10 mins while rocking. Following the 

staining, inserts were washed with PBS and images of the cells that had invaded were taken using 

a 10X objective lens using the Olympus IX81 inverted microscope. To estimate the percentage of 
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invading cells, inserts were placed in 200 μl of 33% acetic acid (Fisher Scientific; Cat. #: 

A/0406/PB08) for 10 mins to elute the crystal violet. After the 10 mins, 100 μl were placed in a 96-

well plate and the absorbance was read at 595 nm using a FLUOstar® OPTIMA microplate reader.  

3.3.11 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism version 9.1.9 for macOS (GraphPad 

Software). Data are presented as means ± SEM. 2-way ANOVA with Tukey post-test was performed 

to assess multiple comparison. For ELISA assay analysis, VEGF quantification was performed 

interpolating the absorbance values to the standard curve run alongside the samples. For RT-qPCR 

analysis, the mRNA fold changes were calculated according to the ΔΔCt value. The specificity of the 

PCR products was confirmed by dissociation curve analysis. One-way ANOVA or 2-way ANOVA 
with Tukey post-test were performed to assess statistical significance: *p < 0.05; ** p < 0.01; *** p < 

0.001. 
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3.4 Results 

3.4.1 Proteomic profiling 

To identify common protein(s) differentially expressed in the neratinib-resistant cell variants versus 

their neratinib-sensitive counterparts that could be associated with conferring resistance to neratinib, 
we studied EFM192A, EFM192A NR, HCC1954, HCC1954 NR, SKBR3 and SKBR3 NR cell lysates. 

A principal component analysis (PCA) plot and a heatmap based on correlation between samples 

were performed. The conditions and replicates were clustered together accurately (Figure 3.3). One 

hundred and five significant differentially expressed proteins were identified. Of those, 7 were 

differentially expressed between EFM192A variants, 57 between HCC1954 cell variants and 43 

between SKBR3 cell variants. Notably, only 1 differentially expressed protein was shared between 

the HCC1954 and SKBR3 cell variants (AGR2; anterior gradient protein 2), and 1 differentially 
expressed protein between EFM192A and SKBR3 cell variants (ZADH2; Zinc-Binding Alcohol 

Dehydrogenase Domain-Containing Protein 2). However, the final commonly differentially expressed 

protein was not taken into consideration due to the observed disparities in its regulation among 

distinct cell variants. ZADH2 demonstrated an up-regulation in SKBR3 NR cells compared to their 

neratinib-sensitive counterparts, whereas it exhibited down-regulation in the case of EFM192A NR 

cell line variants. Additional supplementary data regarding the proteomic profile is collected in the 

Appendix II. 
 

 
Figure 3.3. PCA performed for the top 500 most variable proteins. 
NR_EF= EFM192A NR; NR_HC= HCC1954 NR; NR_SK= SKBR3 NR; Par_EF=EFM192A; 

Par_HC=HCC1954; Par_SK= SKBR3.  
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Specifically, AGR2 was downregulated in both HCC1954 NR and SKBR3 NR (HER2+ER-) cell 

variants with a fold-change of 37.79 (p = 2.87×10-9) and 4.96 (p = 5.81×10-5) compared with their 

respective neratinib-sensitive counterparts. Volcano plots for each comparison are available in the 
Appendix II.  
 

To validate the data, immunoblotting analysis was performed. Immunoblotting results were entirely 
consistent with the mass spectrometry data (Figure 3.4). EFM192A and EFM192A NR showed an 

opposite trend to the other two pairs of cell variants. As luminal B cell variants, EFM192A NR showed 

a higher expression of AGR2 compared to EFM192A, although was not significant. Since these cell 

lines represent a different molecular subtype of breast cancer, they would not be used for the 

following functional assays. 

 

 

 
Figure 3.4. Identification of differentially expressed proteins in neratinib-resistance cells 
compare to their neratinib-sensitive counterparts.  
(Top) Venn diagram showing the differentially expressed proteins (up-regulated and down-

regulated) from comparative proteomic analysis and (Bottom) validation of those findings by 

immunoblotting. Thirty μg of cell lysates were loaded for their analysis. The relative intensity of the 

protein signal band was calculated using ImageJ software. 𝛽-actin was used as loading control and 

normalisation. Graphs shown are mean ± SEM (n = 3) **p<0.01. 
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3.4.2 Successful transfection of AGR2 in neratinib-resistant cell 
variants 

Given that AGR2 was significantly decreased in two neratinib-resistant cells, we investigated if AGR2 

represents a key component of neratinib-resistance mechanism. For that purpose, HCC1954 NR 

and SKBR3 NR cells were stably transfected with AGR2, EGFP (as marker of successful 

transfection), or EMPTY plasmid (as a control). The successful transfection was investigated by 

microscopy after puromycin selection (Additional images collected in the Appendix II - Figure II-14) 
as well by evaluating the AGR2 expression by RT-qPCR and immunoblotting. We found transfection 

with AGR2 plasmid significantly increased AGR2 expression in NR-transfected cells, achieving 

similar AGR2 levels as neratinib-sensitive counterparts (Figure 3.5). 
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Figure 3.5. Successful transfection of AGR2 cDNA in neratinib-resistant cell variants. 
(A) mRNA levels of AGR2 were analysed by RT-qPCR, ACTB mRNA served as an endogenous 

control for data normalisation. Data for RT-qPCR are the mean ± SEM obtained from three 

independent experiments. The increase of AGR2 mRNA level after AGR2 transfection (NR-AGR2) 

compared to non-transfected (NR-NT) and those transfected with an empty plasmid (NR-empty) 

were statistically significant (*p<0.05) for both cell lines. (B) immunoblotting analysis for detecting 

AGR2 in HCC1954 and SKBR3 cell line variants. The expression of AGR2 protein levels was 

normalised to 𝛽-actin. Data are represented as the mean ± SEM, n = 3.  One-way ANOVA with Tukey 

post-test was performed for the multiple comparisons *p<0.05. 
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3.4.3 Up-regulation of AGR2 is associated with changes in EMT markers 
expression and HER2 expression 

 
EMT is a biological process in which epithelial cells undergo a transformation into mesenchymal 

cells. EMT has been implicated in several physiological and pathological processes, including 

embryonic development, wound healing, fibrosis, and cancer metastasis. A study performed by 

Rajabi et al. (2014)[241] have reported that AGR2 can promote EMT in cancer cells and increased cell 
migration and invasion. On the other hand, there are also studies that suggest a role of AGR2 

maintaining epithelial cell phenotype, inhibiting EMT induction, and enhancing the rate of adhesion 

to plastic substratum, thus playing a potential role in tumour development and progression[242,243]. 

Overall, the role of AGR2 in regulating EMT is still not fully understood, and the exact mechanisms 

by which AGR2 promotes or inhibits EMT may vary depending on the type of cancer and cellular 

context. 

The molecular hallmarks of EMT encompass various changes in cell characteristics. These include 

the loss of cell polarity and epithelial markers like E-cadherin and ZO-1. Conversely, there is a gain 
in the expression of mesenchymal markers such as N-cadherin, vimentin, and fibronectin, signifying 

a shift towards a mesenchymal phenotype. Additionally, during EMT, cells undergo a significant 

cytoskeletal reorganization, transitioning from an epithelial, differentiated morphology to a fibroblast-

like, motile, and invasive behaviour. Among the numerous growth factors that contribute to this 

process, TGF-β stands out as one of the most potent inducers of EMT. In addition, it has been 

reported that EMT enhances the tumorigenicity of murine mammary gland epithelial (NMuMG) cells 

through two key mechanisms. Firstly, EMT leads to the up-regulation of VEGF, promoting increased 

tumour angiogenesis. Secondly, the augmented tumour initiation capacity observed in breast cancer 
cells after undergoing EMT is dependent on the expression of VEGF[244]. 

 

To investigate the effect of AGR2 expression on EMT induction we evaluated the changes in the 

level of E-cadherin, N-cadherin, and TGF-β1 by immunoblotting and the expression of the VEGF by 

ELISA. We found N-cadherin expression was higher in HCC1954 NR and HCC1954 NR- pcEMPTY 

compared with HCC1954 cell line. HCC1954 NR cells transfected with pcAGR2 showed a down-

regulation in N-cadherin expression, resulting in levels similar to the neratinib-sensitive counterparts. 
No significant differences were found for E-cadherin expression between different HCC1954 cell line 

variants and the three HCC1954 NR cell variant forms (transfected and non-transfected) presented 

a higher expression of TGF-β1 compared to HCC1954 cell line variant. Interestingly, HCC1954 NR-

pcAGR2 showed a decrease in HER2 expression when compared with HCC1954 NR and HCC1954 

(Figure 3.6A). No significant differences were found in the case of SKBR3 cell variants when those 

markers were investigated (Figure 3.6B).  
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Figure 3.6. AGR2 transfection affects the expression of EMT markers and HER2. 
N-cadherin, HER2, TGF-β1, and E-cadherin were detected by immunoblotting in (A) HCC1954 and 

(B) SKBR3 cell variants. The expression of those proteins was normalised to β-actin/Vinculin. Data 

are presented as the mean ± SEM, n = 3. One-way ANOVA with Tukey post-test was performed for 

the multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. 
 

 

No significant differences were found for VEGF by ELISA assay for the different cell lines (Figure 
3.7). 
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Figure 3.7. VEGF expression levels measured by ELISA. 
VEGF expression in (A) HCC1954 and (B) SKBR3 cell variants. The data are expressed as the mean 

± SEM obtained from three independent experiments. 

3.4.4 Up-regulation of AGR2 could reduce the anoikis-resistance in 
neratinib-resistant cell variants 

To assess for any resistance to anoikis, we compared the survival of SKBR3 and HCC1954 cell 

variants exposed to anchorage-independent conditions. We observed that there was no significant 

change in cell survival under anchorage-independent conditions. In the case of HCC1954 cell 

variants, no differences were found between HCC1954 and HCC1954 NR cell variants. However, 

the anoikis-resistance was significantly reduced in the case of HCC1954 NR-pcAGR2 when 

compared to HCC1954 NR and HCC1954 NR-pcEMPTY (Figure 3.8A). This reduction on the anoikis 

resistance can be translated to a less metastatic potential. No significant differences were found in 
anoikis-resistance between SKBR3 cell variants (Figure 3.8B). In fact, previously works showed that 

SKBR3 cells did not undergo anoikis when seeded in poly-HEMA[245], closely related with the lack of 

expression of known cadherins[246,247]. 

 

 
Figure 3.8. Anoikis-resistance analysis. 
Resistance to anoikis was assessed by measuring the survival of (A) HCC1954 and (B) SKBR3 cell 

line variants under anchorage-independent conditions. Graphs represent % of cells resistant to 

anoikis under non-anchorage conditions when compared with the anchorage control. The data are 

expressed as the mean ± SEM obtained from three independent experiments. 2-way ANOVA with 

Tukey post-test was performed for the multiple comparisons: *p<0.05, **p<0.01. 
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3.4.5 Transfection of AGR2 in neratinib-resistant cells lead to reduced 
migration and invasion patterns similar to those of neratinib-
sensitive cells 

The migration of tumour cells is a crucial process for the invasion of the tumours ECM of nearby 
tissues and to enter blood vessels or lymphatic vessels, which allow them to spread to distant parts 

of the body and form metastases[237]. 

 

Using the wound healing assay to evaluate the migration, we found the transfection of pcAGR2 

decreased the wound closure, showing no differences between neratinib-sensitive counterparts and 

neratinib-resistant cells transfected with pcAGR2 in both HCC1954 and SKBR3 cell lines at 24 hrs 

and 48 hrs (Figure 3.9). At the same time, HCC1954 NR and HCC1954 NR-pcEMPTY demonstrated 
an increased wound closure (i.e., migration) when compared to HCC1954 and HCC1954 NR-

pcAGR2 at 24 hrs and 48 hrs. In the case of SKBR3 cell variants, SKBR3 NR and SKBR3 NR-

pcEMPTY showed an increase on the wound closure when compared to SKBR3 and SKBR3 NR-

pcAGR2 at 24 hrs and 48 hrs (Figure 3.10). Percentages of wound closure are collected in Table 
3.3. 
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Figure 3.9. Up-regulation of AGR2 in HCC1954 NR cell variants reduced its migration. 
(Top) Representative wound-healing images of HCC1954 cell line variants at 0, 24 and 48 hrs. 

Images were taken at 10x magnification. Scale bar 100 μm; (Bottom) % of wound closure at 24 and 

48 hrs. Graph bars represent the means from three independent experiments, with error bars 
showing the SEM of the means. 2-way ANOVA with Tukey post-test was performed for the multiple 

comparisons (**p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 3.10. Up-regulation of AGR2 in SKBR3 NR cell variants reduced its migration. 
(Top) Representative wound-healing images of SKBR3 cell line variants at 0, 24 and 48 hrs. Images 

were taken at 10x magnification. Scale bar 100 μm; (Bottom) % of wound closure at 24 and 48 hrs. 
Graph bars represent the means from three independent experiments, with error bars showing the 

SEM of the means. 2-way ANOVA with Tukey post-test was performed for the multiple comparisons 

(****p<0.0001). 
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Table 3.3. Percentages (%) of wound closure after 24 hrs and 48 hrs. 
% Wound Closure - HCC1954 

Time HCC1954 HCC1954 NR HCC1954 NR - EMPTY HCC1954 NR - AGR2 

24 hrs 15.68 ± 1.88 30.98 ± 0.21 27.11 ± 1.43 19.65 ± 0.26 

48 hrs 25.12 ± 1.38 42.56 ± 2.03 42.55 ± 1.86 26.14 ± 0.73 

% Wound Closure - SKBR3 

Time SKBR3 SKBR3 NR SKBR3 NR - EMPTY SKBR3 NR - AGR2 

24 hrs 7.57 ± 1.59 19.22 ± 3.13 18.95 ± 2.22 9.02 ± 0.54 

48 hrs 15.43 ± 0.61 31.71 ± 0.69 30.57 ± 2.57 16.03 ± 2.29 

Wound closure (%) was calculate as the differences between the open area (%) at 0 hrs and the 

wound area at 24 or 48 hrs. 

 

Invasion refers to the ability of cancer cells to penetrate and move through barriers, such as the 

extracellular matrix. This process requires the cancer cells to secrete enzymes that break down the 
ECM and other barriers, allowing them to move through and invade nearby tissues. HCC1954 NR 

and HCC1954 NR-pcEMPTY showed an increase of invasion compared to HCC1954. Interestingly, 

when HCC1954 NR cells were transfected with pcAGR2, invasion was reverted to HCC1954 levels, 

being non-significant differences between HCC1954 and HCC1954 NR-pcAGR2 (Figure 3.10). This 

decrease of the invasion percentage was significant between HCC1954 NR-pcAGR2 and both 

HCC1954 NR and HCC1954 NR-pcEMPTY cell variants.  

 

When we investigated invasion in SKBR3 cell variants, we obtained a similar reduction in the 
invasiveness when we increased the expression on AGR2 level in SKBR3 NR cell variant (Figure 
3.11). No significant differences in invasiveness were found between SKBR3 and SKBR3 NR-

pcAGR2 while SKBR3 NR and SKBR3 NR-pcEMPTY showed to be more invasive compared to 

SKBR3 and SKBR3 NR-pcAGR2. 
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Figure 3.11. Increased levels of AGR2 in neratinib-resistant cell variants reduced the 
invasiveness of neratinib-resistant cell variants. 
 (Left) Representative images of (A) HCC1954 and (B) SKBR3 invasive cells after 48 hrs seeding. 

Images were taken at 10x magnification; (Right) % of invasion at 48 hrs. Graph bars represent the 

means for three independent experiments, with error bars showing the SEM of the means. One-way 

ANOVA with Tukey post-test was performed for the multiple comparisons: *p<0.05, **p<0.01, 
***p<0.001. 

 

HCC1954 PAR HCC1954 NR

HCC1954 NR - EMPTY HCC1954 NR – AGR2

SKBR3 PAR SKBR3 NR

SKBR3 NR - EMPTY SKBR3 NR – AGR2

A

B

HCC19
54

HCC19
54

 N
R

HCC19
54

 N
R - E

MPTY

HCC19
54

 N
R - A

GR2
0

50

100

150

200

250

HCC1954

%
 In

va
si

on

✱✱✱

✱✱✱

ns

✱✱

ns ✱

SKBR3

SKBR3 N
R

SKBR3 N
R - 

EMPTY

SKBR3 N
R - A

GR2
0

50

100

150

200

SKBR3

%
 In

va
si

on

✱

✱✱

ns

ns

ns

✱



 

 
67 

3.4.6 Up-regulation of AGR2 in neratinib-resistant cell variants does not 
affect proliferation rate, but it showed a decrease in resistance to 
neratinib 

Proliferation plays an important role in cancer development and progression. We evaluate the effect 
of AGR2 expression on the cell growth at 24, 48, 72, and 96 hrs using acid phosphatase assay 

method. AGR2 seemed to have no noticeable proliferative effect in HCC1954 and SKBR3 cell 

variants (Figure 3.12). 

 

 
Figure 3.12. AGR2 seems not to affect cell proliferation in neratinib-resistant cell variants. 
Acid phosphatase assay results at 24, 48, 72, and 96 hrs. The data represents the means from three 

independent experiments, with error bars showing the SEM of the means. OD405 = optical density at 

405 nm. 
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In order to investigate the relation between AGR2 expression and resistance to neratinib, the in vitro 

cytotoxic proliferation assay was used to determine the IC50 values of neratinib for HCC1954 and 

SKBR3 variants (Figure 3.13). Although neratinib-resistant cell variants transfected with AGR2 still 

showed an increase in neratinib-resistance compared with the age-matched neratinib-sensitive 

control cells, a significant decrease in the IC50 on these cells  was revealed when compared with the 

non-transfected and the NR-pcEMPTY transfected cell variants. As expected, no significant 
differences were found between NR and NR-pcEMPTY, demonstrating this reduction in the 

resistance to neratinib was mediated by the increase of AGR2 expression.  

 

 
Figure 3.13. Transfection of AGR2 in neratinib-resistant cell variants partially restore 
sensitivity to neratinib compared with the non-transfected resistant variants. 
The Log (IC50) values for neratinib of (left) HCC1954 and (right) SKBR3 cell variants was determined 

using in vitro cytotoxic proliferation assay. After 4 days culture in the presence of neratinib, cell 

viability was measured at 405 nm. The data represent the means from three independent 

experiments, with error bars showing the SEM of the means. One-way ANOVA was performed for 

the multiple comparisons: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

The mean IC50 values for neratinib of HCC1954 and SKBR3 cell variants are collected in Table 3.4. 

Table 3.4. The mean IC50 values obtained for neratinib. 
IC50 (nM) 

HCC1954 cell variants 
Sensitive NR NR-Empty NR-AGR2 

14.96 ± 1.10 65 ± 1.09 74.99 ± 1.09 37.3 ± 1.1 

SKBR3 cell variants 
Sensitive NR NR-Empty NR-AGR2 

2.76 ± 1.08 11.07 ± 1.08 9.77 ± 1.11 4.65 ± 1.16 

The mean IC50 values (X ± SEM) for neratinib. IC = Inhibitory concentration. 

3.4.7 Summary of findings 

The main findings of the AGR2 transfection in neratinib-resistant cell lines are collected in Table 
3.5. 
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3.5 Discussion 

AGR2 was initially identified as a gene with increased expression in ER-positive breast cancer cell 

lines[248]. Further research has confirmed that AGR2 is upregulated in various adenocarcinomas, 

such as those affecting the breast, colon, oesophagus, lung, ovary, pancreas, and prostate. It is 

involved in various cellular processes, including protein folding and secretion[248]. Although some 

recent research has suggested that AGR2 may play a role in the development and progression of 

several types of cancer, the exact mechanisms by which AGR2 may promote cancer progression 
are still not fully understood. AGR2 has been shown to interact with several other proteins involved 

in cell signalling, proliferation, and survival, including EGFR, HER2, and Akt. These interactions may 

help to promote cancer cell survival and proliferation[249–251]. However, studies on AGR2 expression 

in breast cancer and other types of cancer have yielded mixed results, with some studies suggesting 

that higher expression levels are associated with poorer outcomes, while others have suggested a 

potential beneficial role. In addition, to the best of our knowledge, no prior studies have been 

conducted to explore the involvement of AGR2 in resistance using breast cancer cells resistant to 

anti-cancer drugs. 
 

Here, we aimed to investigate the proteomic differences between HER2+ breast cancer cell lines 

(two cell lines, HER2+ER- and one luminal B) and their neratinib-resistant counterparts. The 

conditions and replicates were clustered together according to the PCA plot (Figure 3.3) and 

Pearson correlation’s heatmap (Figure II-2). Gene ontologies and pathways of the differentially 

expressed proteins for the three different pairs of comparisons were performed by enrichr web tool 

(Appendix II). KEGG enrichment of differentially expressed proteins between EFM192A and 
EFM192A NR revealed that only pathways related with leukocyte trans-endothelial migration and 

vascular smooth muscle contraction were enriched. Although it seems these pathways are not 

related with cancer, similar KEGG enrichment has been found in lung cancer subtypes[252]. Cell 

migration through the vasculature is an important and complex mechanism that requires the 

presence and activity of several genes. This mechanism is crucial for immunosurveillance as well as 

for inflammatory responses. Vasculature’s contraction is essential in controlling the blood flow and 

influx of oxygen and nutrients to tissues. This is important in the context of cancer, as tumours 

habitually have a higher microvessel density than normal tissues; however, these blood vessels are 
poorly formed, less elastic, and with different physiology than normal vessels.  In the case of 

HCC1954 cell variants, drug metabolism-related pathways were the most enriched, and including 

other interesting pathways related with bladder cancer, ribosome, central carbon metabolism in 

cancer, HER2 signalling pathway and HIF-1 signalling pathway.  HCC1954 NR cells showed cross-

resistance to other anti-HER2 therapies, including afatinib and lapatinib[64], and could be linked with 

the KEGG enrichment results obtained in this research. In keeping with this, HCC1954 NR showed 

a decreased HER2 expression compared to their sensitive counterparts, explaining the dysregulation 

of HER2 signalling pathway. 
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KEGG pathways analysis for SKBR3 cell variants revealed that arginine and proline metabolism-

related pathways were the most enriched, followed by pathways related with 

glycolysis/gluconeogenesis, caffein metabolism and insulin signalling pathway. The proline–

glutamine–asparagine–arginine metabolic axis represents an important nodule of cancer 

metabolism[253]. These amino acids are also directly or indirectly link to the tricarboxylic acid (TCA) 

cycle, that metabolises glucose to generate ATP and reactive oxygen species (ROS) signalling, 
showing the importance of this axis/loop in cancer growth, proliferation, survival, and metastatic 

spread. Thus, several molecules involved in this pathway are potential targets for chemoprevention 

and targeted cancer therapy. Anomalous insulin-like growth factor (IGF) signalling has the potential 

to drive malignant transformations and promote tumour progression, making the targeting of the IGF 

axis a promising approach in cancer treatment[253–255]. Previously work performed by our group found 

that: (i) the expression of IGF1R was elevated in acquired lapatinib-resistant SKBR3 and HCC1954 

cells (compared to their age-matched sensitive cells) and it was inversely correlated with decreased 

miR-630 expression in the same resistant cells; (ii) reduced miR-630 expression levels are 
associated with both innate- and acquired- resistance to anti-HER2 therapies, and (iii) the 

suppression of miR-630 -leading to an increased resistance and a metastatic phenotype in SKBR3 

and HCC1954 cells- was correlated with elevated IGF1R expression in both cell lines[256]. In keeping 

with these previous results, our findings support this interaction between IGF1R and/or HER family 

receptors further investigation is warranted. 

 

The list of the differentially expressed proteins for each pair of cells are collected in the Appendix II. 
We found that HER2+ER- cell lines HCC1943 NR and SKBR3 NR present a significant lower 

expression of AGR2 compared to their neratinib-sensitive counterparts while luminal B (HER2+ER+) 

breast cancer cell lines, EFM192A and EFM192A NR, showed the opposite trend. Interestingly, 

AGR2’s overexpression in ER+ breast cancer is associated with poor prognosis, especially in 

tumours that are resistant to hormone therapies[257]. ER and PR positivity has been associated with 

AGR2 expression[258–260] in several breast cancer studies. On the other hand, the relationship 

between AGR2 and HER2 has never been investigated. 

 
Low expression of AGR2 has been associated with poorer overall and relapse-free survival when 

considering all breast cancer patients. More specifically, low expression of AGR2 was associated 

with poor OS in luminal A and worst relapse free survival (RFS) in basal-like breast cancer. It has 

been reported that the reduction of AGR2 in patients aged ≤ 51 years, negativity of ER and PR, and 

nodal status[261].In another study, higher AGR2 expression was correlated with a longer OS time in 

breast cancer bone metastasis (p = 0.0044)[262]. A study performed by Alves et al. (2018)[263] in 

ovarian carcinoma showed that lower expression of AGR2 is a marker of poor prognosis in epithelial 

ovarian carcinoma (EOC) (p = 0.034). This study suggested that a higher AGR2 expression in the 
earlier stages of tumour could participate in the activation of proliferative mechanisms but the 

reduction in AGR2 could activate pathways involving invasion and metastasis by reducing adhesion 

molecules with tumour progression. Overall, the role of AGR2 as a prognostic marker in cancer 
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appears to be context-dependent, with its prognostic value varying depending on the type and 

subtype of cancer. 

 

Through combined proteomic profiling and functional assays, we investigated how the AGR2 down-

regulation may contribute to the aggressiveness of neratinib-resistant HER2+ breast cancer cell 

lines. After the successful transfection of AGR2 in neratinib-resistant cell variants, we evaluated the 
proliferation, migration, invasion, anoikis-resistance, and neratinib-resistance, as well as the status 

of EMT markers and HER2 expression. It was shown previously that the expression of AGR2 is 

connected to the expression of epithelial markers, and that the reduction in AGR2 induced by TGF-

β1 conduce to obtain features of mesenchymal cells such as the loss of E- cadherin, and induction 

of N-cadherin, showing the importance of AGR2 in maintaining of epithelial phenotypes and 

suggesting a role of AGR2 in EMT[243]. N-cadherin has been extensively studied in various types of 

cancer, including breast cancer. It has been reported that N-cadherin promotes adhesion between 

invasive breast cancer cells and the stroma, essential for tumour growth and invasion[264]. Over-
expression of N-cadherin in breast carcinoma has been shown to be associated with invasiveness 

and the resistance of breast cancer cells to chemotherapy and radiation therapy[265,266].  

 

Here, we demonstrated that migration and invasion were altered, recovering migrative and invasive 

ratios of neratinib-sensitive cell line variants. Analysing the expression of some EMT markers such 

as E-cadherin, N-cadherin, and TGF-β1, we also demonstrated that N-cadherin was down-regulated 

in HCC1954 NR-pcAGR2 in comparison with non-transfected HCC1954 NR, showing a similar N-
cadherin level that HCC1954, the neratinib-sensitive variant. No significant differences were found 

in the VEGF expression between the cell variants by ELISA. These results indicated that the EMT 

process may not be linked with VEGF expression under these conditions. We also found that in the 

case of HCC1954 cell variants, anoikis resistance was decreased after the transfection with AGR2 

cDNA in comparison with HCC1954 NR-pcEMPTY and non-transfected HCC1954 NR cells. Drug 

resistance is a major challenge in cancer treatment, as it can limit the effectiveness of chemotherapy 

and targeted therapies. Drug resistance can result in treatment failure and disease progression, 

leading to poorer outcomes for patients. Therefore, understanding the mechanisms of drug 
resistance and developing strategies to overcome it is essential for improving cancer treatment. 

Recent studies have suggested that AGR2 can reduce resistance to chemotherapy in some cancers. 

For example, down-regulation of AGR2 was associated with tumour progression and chemotherapy 

resistance in EOC[263]. In addition, the Knock-down of AGR2 expression in PC3 prostate cancer cells 

resulted in docetaxel-resistance[267]. 

 

Finally, we also revealed that although no changes in proliferation rates were observed between 

drug-sensitive and neratinib-resistant cell variants, the resistance to neratinib was significantly 
decreased in neratinib-resistant cell variants after AGR2 transfection. Our concern is that the 

restoration of sensitivity to neratinib was only partial and the associated changes in EMT markers 

were only significant for N-cadherin. Further research is needed to fully understand how the reduction 

in AGR2 expression acts facilitating tumour progression. 
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3.6 Conclusion 

The global proteomic profile revealed a consistent decrease in AGR2 protein expression in both the 

HCC1954 NR and SKBR3 NR cell variants compared to their neratinib-sensitive counterparts. The 

successful transfection of AGR2 in neratinib-resistant cell lines partially reinstated their sensitivity to 

neratinib. In summary, AGR2 appears to possess a multifaceted role in cancer progression and drug 

resistance, with preliminary evidence indicating its potential to mitigate chemotherapy resistance in 

specific cancer types. Further investigation is imperative to comprehensively comprehend the 
function of AGR2 in cancer and elucidate how the reduction of AGR2 may facilitate tumour 

progression. 
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Chapter 4  

Characterisation of EVs released from neratinib-
sensitive and neratinib-resistant cell line 
variants: considering 200K differential 
ultracentrifugation protocol and density gradient 
methodology for EVs collection 
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Abstract 

Neratinib is an oral, irreversible TKI of HER1/EGFR, HER2 and HER4 approved by the FDA in 2017 
and by the EMA in 2018 for adjuvant treatment of breast cancer patients. Since its approval, several 

studies have been investigating neratinib-resistance in breast cancer cell lines and patient 

specimens. These studies show that neratinib is both associated with innate and acquired resistance; 

the molecular mechanisms of resistance to this drug need to be elucidated to improve efficacy and 

treatment outcome for patients and to identify response-prediction biomarkers. Neratinib resistance 

cell lines were previously developed in this laboratory (EFM192A NR, HCC1954 NR, and SKBR3 

NR) and we have shown that neratinib-resistant cell lines are cross-resistant to other HER2-targeted 

drugs such as lapatinib. The first aim of this project was to characterise the EVs released by neratinib-
sensitive and neratinib-resistant cells. In addition, we inspected if those EVs reflect the HER2 and 

AGR2 status of their cells of origin and thus have potential as minimally invasive biomarkers. 

 

EVs from three different HER2-positive breast cancer cell lines (EFM192A, HCC1954, and SKBR3) 

and their neratinib-resistant counterparts (EFM192A NR, HCC1954 NR, and SKBR3 NR) were 

collected after 48 hrs culture in RPMI-1640 media containing EVs-depleted FBS. EVs were then 

collected by using two different approaches 200K UC and GUC. Further characterisation of EVs was 
then performed by immunoblotting, protein content, NTA, IFCM, and TEM. The findings of this study 

suggest that the release of EVs is diminished in cell lines resistant to neratinib compared to their 

neratinib-sensitive counterparts. Similar results were observed using both 200K UC and GUC 

protocols. Furthermore, the presence of HER2 in EVs derived from neratinib-resistant cells was lower 

compared to those derived from neratinib-sensitive counterparts, consistent with the HER2 

expression in their respective cells of origin. However, further investigation is necessary to 

comprehensively analyse the underlying mechanism behind this reduction and identify potential 

targets for elucidating the resistance mechanism. 
 

 

 

 

 

 

 

 
 

 

 

 

 

 



 

 
76 

4.1 Introduction 

EVs are important mediators of cell-to-cell communication by facilitating bidirectional crosstalk 

between cancer cells and tumour microenvironments in several diseases, including breast 

cancer[152]. It has been reported that EVs can modify the tumorigenic properties of recipient cells by 

enhancing their ability to migrate, invade, and metastasize, as well as remodel the ECM and evade 

immune detection[268]. The aberrant cargo packaged in the EVs isolated from the cancer cells can 

directly alter the behaviour of recipient cells, leading to the development of bone disease, 
angiogenesis, immunosuppression, drug resistance, and ultimately promoting the progression of the 

disease[269]. 

Previous research performed initially by our group[151] and validated by others has shown that EVs 

are involved in transmitting resistance to anti-cancer drugs, causing previously drug-sensitive cells 

to become drug-resistant[96,146,152,270]. Specifically, our group demonstrated that EVs derived from 

DU145 and 22Rv1 docetaxel-resistant prostate cancer cells (DU145RD and 22RV1RD) transmitted 

docetaxel resistance via transfer of the multidrug resistance protein (MDR1/P-glycoprotein) to 

previously docetaxel-sensitive cell lines[151,271]. Our research team also demonstrated that exposing 
recipient cells to EVs derived from Hs578Ts(i)8 – a highly aggressive variant of the TNBC cell line 

Hs578T – led to an increase in their proliferation, migration, and invasion, while the sensitivity to 

anoikis was increased, compared with the less aggressive Hs578T cell line variant (reflecting 

phenotypic characteristics of the EVs’ cells of origin)[272].  

The presence of some proteins on EVs’ surfaces and their cargo has a large influence on the 

treatment effect of drugs having an impact in the treatment efficacy. Some studies have shown that 

EVs mediated the antibody-based drugs neutralisation, being involved in trastuzumab[147,273] 
resistance, response to anti-HER2 cancer therapies[146], and multidrug resistance[274], among others.  

Associated with trastuzumab resistance, Durcker et al. (2020)[275] performed a proteomic analysis of 

EVs derived from trastuzumab-sensitive (BT474 and MCF-7/HER2) and trastuzumab-resistant 

(BT474TR and HCC1419) HER2-positive BC cells after their treatment with trastuzumab. They found 

a set of proteins were up-regulated by trastuzumab treatment in trastuzumab-sensitive but not in 

trastuzumab-resistant cell lines (PERP, GNAS2, GNA13, RAB10, and ITB1). In addition, the increase 

in these proteins within EVs derived from blood appears to be associated with the positive outcomes 

experienced by a small group of breast cancer patients with HER2+ MBC who were treated with 
trastuzumab-based therapies. A study performed by Han et al. (2020)[273] found that miR-567, 

selected based on the differential expression between trastuzumab-resistant and -sensitive cells 

from GEO datasets and validated by RT-qPCR, is inhibited in trastuzumab- resistant cells. They also 

found that extracellular miR-567 could reverse trastuzumab resistance through incorporating it into 

EVs, suggesting a crucial role in trastuzumab resistance of breast cancer. Another study published 

by Hosseini et al. (2023)[276] showed that the blockade of exosome release by dihydrochloride hydrate 

(GW4869) in combination with trastuzumab treatment decreased the proliferation and induced 

apoptosis of HER2+ BC (SKBR3 and BT474) and HER2+ ovarian cancer cells (SK-OV3). 
Interestingly, exosome release inhibition could also have an effect in HER2 trafficking as this 

blockade decreased HER2 levels on the cell surface.  
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EVs can be used to improve trastuzumab treatment. Barok et al. (2018)[277] found that T-DM1 can 

bind to exosomes derived from HER2+ breast (SKBR3) and cancer gastric (SNU-216) while is not 

present in HER2- breast cancer line (MCF-7). Additionally, the treatment of recipient EFM192A 

breast cancer cells with T-DM1-exosomes derived from SKBR3 caused growth inhibition and 

activation of caspase activation (cas-3 and cas-7). 

EVs can also be involved in the response to other anti-HER2 cancer therapies. Our group revealed 
a correlation between elevated levels of TGF-β1 and PD-L1 and resistance to HER2-targeted 

drugs[146]. This study demonstrated that EVs transfer these molecules, thereby inducing drug-

sensitive cells to acquire the characteristics of the source cells. Our group further observed that EVs-

associated TGF-β1 levels are linked to the response of HER2+ breast cancer patients to HER2-

targeted therapy, implying that it could serve as a potential biomarker for therapeutic response.  

Neratinib-resistant HER2+ breast cancer cells, developed by our group, display decreased HER2 

expression compared to their drug-sensitive counterparts[64]. Additionally, as detailed in Chapter 3, 

proteomic profiling performed during this PhD project, identified a significant decrease in AGR2 
expression by HCC1954 NR and SKBR3 NR cell lines compared to their neratinib-sensitive 

counterparts, indicating AGR2 to be associated with neratinib-resistance.  

The recent study performed by Santamaria et al. (2021)[278] aimed to investigate the effects of 

neratinib treatment on endocytic trafficking and EVs’ release in HER+ BC cells. The researchers 

used various imaging techniques, including immunofluorescence imaging and immunolabelling of 

the EVs, to track the movement of proteins and EVs within the cells. It has been found in this study 

that neratinib treatment altered the endocytic trafficking pathways in the cells, leading to an increase 
in the release of EVs in SKBR3 HER2+ BC cell line while decreased the HER2 content on the EVs. 

Overall, the findings suggest that neratinib treatment may have unintended consequences on EVs’ 

release and protein trafficking in HER2+ breast cancer cells, which could have implications for 

disease progression and treatment resistance. Further research is needed to better understand the 

mechanisms underlying these effects and how they might be mitigated in clinical settings. 

4.2 Aims of the study 

This study aimed to perform the complete characterisation of EVs released from neratinib-sensitive 

and neratinib-resistant cells following MISEV2018 guidelines by using different EVs enrichment 

protocols. Next, we also aimed to investigate if EVs released from neratinib-sensitive and neratinib-
resistant cells reflect the HER2 status of their cells of origin and thus have potential as minimally 

invasive biomarkers. Subsequently, we aimed to determine if EVs reflect the AGR2 status of their 

cells of origin, that we previously demonstrated to be associated with neratinib-resistant mechanism.  
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4.3 Materials and Methods 

4.3.1 Cell lines and culture conditions 

Six HER2-positive breast cancer cell line variants (EFM192A, HCC1954 and SKBR3 and their 

neratinib-resistant counterparts EFM192A NR, HCC1954 NR, and SKBR3 NR) were routinely 
maintained as explained in Section 2.3.1.  

4.3.2 EVs separation by 200K ultracentrifugation protocol 

For this step, only HCC1954, HCC1954 NR, SKBR3 and SKBR3 NR cell variants were used and 

seeded in 7×T175 cm2 (Corning, Cat. #: 431080) at densities of 3×106 cells/flask in complete RPMI-
1640 media. After 24 hrs seeding, complete RPMI-1640 media was replaced with 25 ml/flask of 

complete RPMI-1640 media supplemented with 10% dFBS and 1% P/S (see Section 2.3.2). After 

48 hrs incubation with complete dFBS-RPMI-1640 media, CM was centrifuged at 300× g, for 10 min 

thrice to get rid of cells and cell debris. The supernatant was then centrifuged at 200,000× g for 6 hrs 

at 4°C to collect EVs. The resulting EVs pellet was washed in PBS, centrifuged as before, and the 

final samples were aliquoted and stored at -80°C (Figure 4.1). 

 

 
Figure 4.1. Workflow schematic of 200K protocol. 
HER2-positive breast cancer cells and their neratinib-resistant counterparts were seeding at 3×106 

million cells in 7×T175 cm2 in presence of complete RPMI-1640 medium. After 24 hrs seeding, media 

was replaced with 25 ml of complete RPMI-1640 media containing EVs-depleted FBS (dFBS) and 

1% penicillin/streptomycin (P/S). after 48 hrs incubation, supernatant was collected, and centrifuge 

as illustrated. The resulting EVs pellet was washed in PBS and the final aliquots were stored at -

80ºC until further analysis. Schematic representation was created with BioRender.com. 
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4.3.3 EVs separation by GUC 

[This EVs separation protocol was established by PhD student Mariadelva Catalano][279]. 

The six cell line variants EFM192A, EFM192A NR, HCC1954, HCC1954 NR, SKBR3, and SKBR3 

NR were used in this part of the study. HCC1954, HCC1954, SKBR3, and SKBR3 NR were seeded 

in 6×T175cm2 flasks (Corning, Cat. #: 431080) at 3×106 cells/flask while EFM192A and EFM192A 
NR cell variants were seeded at 6×106 cells/flask. The following day the medium was replaced with 

25 ml of RPMI-1640 media supplemented with 10% dFBS and 1% P/S (see Section 2.3.2) and 

cultured for another 48 hrs. CM was then centrifuged at 300× g for 20 min to remove cellular debris. 

Approximately 150 ml of CM were then placed in new 50 ml Falcon tubes and concentrated to 1.5 

ml using a tangential flow filtration (TFF)-based device (Hansabiomed; Cat. #: HBM-TFF/1). Next, 

the concentrated CM was loaded onto an OptiPrep
TM (Sigma, Cat. #: D1556) density gradient 

following the bottom-up approach, to separate EVs based on their density. Concentrated CM was 

diluted with 60% OptiPrep and with PBS to form the bottom layer of 40% (8 ml in total) and was 

placed in 17 ml Ultraclear UC tubes (Beckamann Coulter, Cat. #: 344061). Following this, Optiprep 

was loaded on top at concentrates of 30% (2.5 ml), 20% (2.5 ml), 10% (2.5 ml) and 5% (2 ml), forming 

subsequent layers. The formed density gradient was ultracentrifuged at 186,000× g for 18 hrs 30 min 

at 4°C in a SW 32.1 Ti swinging rotor (Beckman Coulter, Cat. #: 369651). Fractions of 1 ml were 

collected from top to bottom. The first two fractions were discarded (because of the lack of EVs 
presence) while fractions 3-9 were pooled (fractions 10-12 were discarded because of the presence 

of Calnexin)[279] and washed with PBS. Diluted fractions in PBS were placed in Quickseal 39 ml tubes 

(Beckman coulter, Cat. #: 342414) and ultracentrifuged using a Type 70Ti fixed-angle rotor 

(Beckman Coulter, Cat. #: 337922) in an Optima XPN-100 Ultracentrifuge (Beckman Coulter) at 

120,000× g for 2 hrs. This washing step was repeated a second time and the final pellet was 

resuspended in 120 μl of sterile PBS or 120 μl lysis buffer for immunoblots. EVs were stored in 

Protein LoBind tubes (Eppendorf, Cat. #: 0030 108.116) at -80°C, while EVs lysates were stored at 

-20ºC (see Figure 4.2 for workflow overview). 
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Figure 4.2. A flow diagram representation of density gradient ultracentrifugation approach for 
EVs separation. 
HER2-positive breast cancer cells and their neratinib-resistant counterparts were seeding in 6×T175 

cm2 in presence of complete RPMI-1640 medium. After 24 hrs seeding, media was replaced with 25 

ml of complete RPMI-1640 media containing EVs-depleted FBS (dFBS) and 1% 

penicillin/streptomycin (P/S). after 48 hrs incubation, supernatant was collected and concentrated to 

1.5 ml by using a tangential flow filtration (TFF) based device. The concentrate CM was then loaded 

onto an OptiPrepTM density gradient and centrifuged as illustrated. Double wash step in PBS was 

performed and the final pellet was resuspended in 120 μl of sterile PBS or 120 μl lysis buffer for 
immunoblots. EVs were stored in Protein LoBind at -80°C while EVs lysates were stored at -20ºC 

until further analysis. Schematic representation was created with BioRender.com. 
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4.3.4 Collection of protein lysate and EVs lysate for immunoblotting 
analysis 

Cells were seeded at densities detailed in Section 4.3.2. The following day, the medium was 

changed to 10% dFBS-containing RPMI-1640 medium as in Section 2.3.2. After 48hrs of incubation, 

the medium was removed from the flasks and the cells were processed as previously describe in 

Section 2.3.6. The supernatant was transferred to a new tube and stored at -20ºC until required. 

200K-EVs aliquots were lysed by using 1:1 ratio of EVs suspension (50 μl) and lysis buffer with 
protease inhibitor while EVs pellets obtained by GUC protocol were directly resuspended in 120 μl 

lysis buffer with protease inhibitor cocktail. 

4.3.5 Protein quantification 

Two methods of protein quantification were used during this study i.e., the standard bicinchoninic 
acid (BCA) assay (Bio-Rad, Cat. #: 500-0006) and the Micro BCATM assay kit (Thermo Scientific, 

Cat. #: 23235). The sensitivity of the Micro BCATM is greater and was used when the protein 

concentration was low (intact EVs’ protein).  

Protein lysates, EVs lysates were quantified as per Section 3.3.1.1. Protein of intact 200K isolates 

was measured using the Micro BCATM protein assay kit. Briefly, 10 μl of EVs suspensions were 

diluted with 140 μl of PBS (i.e., 1 in 15 dilution) and added to a 96-well plate (Corning, Cat. #: 3596). 

150 μl of BSA standards (40-2 μg/ml) were also added and plate was mixed on a plate shaker for 30 

secs. Then, the plate was sealed with its lid and incubated at 37°C for 2 hrs. Absorbance was read 
at 560 nm using a FLUOstar® OPTIMA microplate reader (Serial #: 08-100-241) and protein amounts 

were calculated from the BSA standard curve. 

4.3.6 Immunoblotting of EVs-associated and other EVs cargo 

For all immunoblotting performed in this chapter, total protein (30 μg for cell lysates’ immunoblots or 
10 μg for EVs’ characterisation blots) was resolved as per Section 2.3.8 on either 7.5% (Bio-Rad 

Laboratories, Cat. #: 4561023) or 10% Mini-PROTEAN TGXTM 10-well gel (Bio-Rad Laboratories, 

Cat. #: 4561034) along with a MW marker, SeeBlue Plus 2 Pre-stained standard (Invitrogen, Cat. #: 

LC5925). All antibody conditions and catalogue numbers used in this chapter are detailed in Table 
4.1. Cell lysate (CL) from the individual cell line of origin was included in all gels as the control and 

densitometric analysis was performed using Fiji software[216]. 
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Table 4.1. Antibody dilutions and conditions for immunoblotting. 
Primary 

Antibody 
Company, Cat. # Dilution 

Antibody 
condition 

Secondary 
Antibody 

AGR2 Abcam, ab76473 1:1000 3% BSA/PBST Anti-Rabbit IgG 

β-Actin 
Sigma-Aldrich, 

A1978 
1:5000 3% BSA/PBST Anti-Mouse IgG 

Calnexin Abcam, ab133615 1:1000 3% BSA/PBST Anti-Rabbit IgG 
CD9 Abcam, ab236630 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD63 Abcam, ab68418 1:500 3% BSA/PBST Anti-Rabbit IgG 

GRP94 
Cell Signaling, 

2104S 
1:1000 3% BSA/PBST Anti-Rabbit IgG 

HER2 Calbiochem, OP15 1:1000 3% BSA/PBST Anti-Mouse IgG 

Syntenin Abcam, ab133267 1:1000 3% BSA/PBST Anti-Rabbit IgG 

All secondary antibodies were diluted 1:1000 in 3% bovine serum albumin (BSA)/ PBS 

containing 0.1% Tween-20 (PBS-T) 

4.3.7 200K-EVs isolates characterisation 

4.3.7.1 NTA measurement with ZetaView®  
[NTA measurements of EVs was performed in the Trinity Biomedical Science Institute, as a 

demonstration in our laboratory] 

 

Particle numbers, as well as size distribution, of EVs were measured using the ZetaView® x30 

(Particle Metrix). After an initial evaluation, all samples were diluted in PBS accordingly to ideal 
measurement concentrations (140–200 particles/frame). The manufacturer’s default software 

settings for EVs (and liposomes or nanospheres) were selected. For each measurement, 11 cell 

positions were scanned and 60 frames per position were captured (video setting: high). After capture, 

the videos were analysed by the in-build ZetaView Software 8.05.11. 

4.3.7.2 Imaging Flow Cytometry analysis of 200K-EVs isolates 
[Imaging flow cytometry (IFCM) of EVs was performed by Postdoctoral Researcher Dr. Anindya 

Mukhopadhya] 

 

Imaging flow cytometry (IFCM) analysis of EVs separated from HCC1954 and SKBR3 neratinib-

sensitive and NR variants were performed following the approach previously published by Ricklefs 

et al. (2019)[280] and adapted by our group[218,281]. Briefly, antibodies diluted in 0.2 μm-filtered PBS 
containing 2% dFBS and supplemented with protease inhibitor and phosphatase inhibitor (IFCM 

buffer) were added to EVs samples. The specific antibodies used for this experiment are collected in 

Table 4.2. The EVs samples were incubated with the antibodies for 45 min at RT in the dark and 

washed using a 300kDa filter (Nanosep, Pall Biotech, Cat. #: 516-8531) and resuspended in 50 μl 

IFCM buffer. Data acquisition was performed within 2 hrs on the ImageStreamX Mk II imaging flow 
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cytometer (Amnis/Luminex, Seattle, USA) at 60x magnification and using low flow rate. Fluorescence 

was within detection linear range in the following channels: Brightfield in channel 1 and 9 (B/YG_435-

480 and R/V_560-595 nm filter respectively), FITC was measured in channel 2 (B/YG_480–560 nm), 

PE in channel 3 (B/YG_560–595 nm filter), PE-Cy7 in channel 6 (B/ YG_745-780 nm filter), BV421 

in channel 7 (R/V_435-480 nm filter), APC in channel 11 (R/V_642–745 nm, filter), and SSC in 

channel 12 (R/V_745-780 nm filter). Single-stained controls, fluorescence minus one (FMO) controls, 
unstained EVs, as well as only IFCM buffer were run in parallel. To certify that the observed positive 

events were indeed EVs, CM was incubated with 4% NP-40 (EMD Millipore, Cat. #: 492016) at a 

final concentration of 2% and samples were analysed using the same strategy. IDEAS software 

version 6.2 (Amnis/ Luminex, Seattle, USA) was used for data analysis.  

Table 4.2. Antibodies specifications and dilutions for IFCM analysis on 200K-EVs isolates. 
Anti-human 

antibody 
Label Company, Cat. # Dilution 

CD63 FITC Biolegend, 353006 1:150 
CD9 PE Biolegend, 312106 1:1500 

CD81 PE-Cy7 Biolegend, 349512 1:150 

HER2 APC Biolegend, 324407 1:150 

4.3.8 EVs characterisation of EVs isolated by GUC protocol 

4.3.8.1 NTA measurement 
[NTA measurements of EVs was performed in the Laboratory for Biological Characterisation of 

Advanced Materials (LBCAM), Trinity Translational Medicine Institute, as a paid service] 

 
Eighteen samples (n = 3 replicates for each of the EVs samples derived by the six cell variants) 

containing EVs were analysed via NTA using a NanoSight NS500 system (NanoSight, Malvern) 

equipped with a 405 nm laser. Particle size distribution and concentration can be estimated using 

NTA system which measures particles from 30 nm to 2 μm. Each sample was diluted manually in 

0.2 μm-filtered PBS to obtain an optimum particle concentration suitable for NTA, with each dilution 

factor being recorded in the automatically generated reports. A total of four x 60 secs videos were 

recorded for each sample and the detection threshold during analysis was selected to ensure that 

only distinct nano-objects were analysed and ensuring artefacts were removed. The size and 
quantities of the particles were determined using the NTA Software (version 3.2). 

4.3.8.2 TEM analysis of EVs isolates 
[TEM imaging of EVs was performed in the Advanced Microscopy Laboratory in Trinity Biomedical 

Sciences Institute by Mr. Neal Leddy as a paid service] 

 

Samples were prepared from TEM analysis as described in Section 2.3.9. 
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4.3.8.3 IFCM on GUC-derived EVs using CellMask protocol 
The IFCM analysis EVs samples obtained from cells after 48 hrs incubation was performed following 

a protocol published previously with modifications[282]. Briefly, 10 μl of EVs samples were stained with 

10 μl CellMask® Green plasma membrane stain (Thermo Fisher Scientific, Cat. #: C37608, 2X) for 

30 min at 37ºC and 0.2 μm-filtered PBS was used as control. The stained samples were then 

incubated with a human APC-conjugated anti-HER2 antibody (BioLegend, Cat. #:324407; 1:10). 

After 1 hr incubation at RT, the samples were diluted up to 280 μl of 0.2 μm-filtered PBS and washed 

using a 300kDa filter (Nanosep, Pall Biotech, Ireland; Cat. #: 516-8531). After the first centrifugation 

step at 1,000× g for 1 min at 4ºC, 50 μl of 0.2 μm-filtered PBS was added to each filter, and they 
were centrifuge at the same condition repeatedly until reach a final volume of 100 μl was obtained. 

The samples were immediately analysed using an Amnis Image StreamX MKII flow cytometer 

(Luminex) at 60x magnification using the same settings as explained in Section 4.3.7.2. EVs were 

gated as SSC vs fluorescence and the gated EVs were confirmed in the IDEAS image Gallery 

(Figure 4.3). 

 

 
Figure 4.3. IFCM gating approach. 
(A) Gating strategies used to establish EVs population from neratinib sensitive-derived isolates and 

neratinib resistant-derived isolates; (B) Representative images of EVs from IDEAS Image Gallery for 

CellMask+ events (Ch02) and HER2+ events (Ch11). 
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4.3.8.4 HER2-ELISA Assay 
HER2 present in cell lysates, EVs lysates, and on intact EVs was quantified using the DuoSet ELISA 

kits (R&D Systems; Cat. #: DY1129B), following manufacturer’s instruction and as explained per 

Section 3.3.3. Ten μg cell lysate for HCC1954, HCC1954 NR, EFM192A and EFM192A NR were 

used while 5 μg cell lysate for SKBR3 and SKBR3 cells. For EVs’ analysis, 10 μl of intact EVs and 5 

μg EVs lysates were used. 

4.3.8.5 Data analysis and statistical testing 
All statistical analyses were performed using GraphPad Prism version 9.1.9 for macOS (GraphPad 

Software). Regarding cell and EVs characterisation, values for arbitrary units (A.U.), EVs’ number 

and EVs size are given as mean ± SEM (n = 3). Two-tailed unpaired t-test was applied (*p < 0.05 

was considered as statistically significant).  

For ELISA assay analysis, HER2 quantification was performed by interpolating the absorbance 
values to the standard curve run alongside the sample. Concentrations were represented as mean 

± SEM (n = 3). Multiple unpaired t-test was applied: *p < 0.05. 
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4.4 Results 

4.4.1 Neratinib-resistant cell variants evidently released fewer EVs than 
neratinib-sensitive counterparts when evaluating EVs collected 
using 200K protocol 

4.4.1.1 Characterisation of 200K-EVs isolates from neratinib-sensitive and 
neratinib-resistant cells 

4.4.1.2 Characterisation of 200K-EVs isolates by NTA 
We were interested in investigating if resistance to neratinib could directly or indirectly affect the 

release of EVs by neratinib-resistant cell lines. For this, we used the 200K protocol to obtain the EVs. 

EVs size distribution and quantities were estimated using a ZetaView. The average size and particle 

numbers of the samples collected from CM by each cell variant are shown in Table 4.3. 

Table 4.3. Comparative EVs size and quantities as evaluate by NTA using ZetaView. 

Size (nm) 

 Neratinib-sensitive Neratinib-resistant p value 

HCC1954 157.2 ± 6.3 139.3 ± 5.3 0.097 (ns) 

SKBR3 142.5 ± 2.3 142.9 ± 3.2 0.924 (ns) 

Particle numbers (normalised by 106 cells) 

 Neratinib-sensitive Neratinib-resistant Fold change p value 

HCC1954 1.51×109 ± 5.86×108 3.51×108 ± 1.36×108 ↓4.3 0.127 (ns) 

SKBR3 1.44×109 ± 3.75×108 2.36×108 ± 4.59×107 ↓6.1 0.033 (*) 

Comparison of concentration of particles/106 cells (analysed by NTA) and average sizes from 

samples obtained from neratinib-sensitive cell variants and their neratinib-resistant counterparts by 

200K protocol. Fold change is calculated as neratinib-resistant/neratinib-sensitive ratio.  

 
NTA showed neratinib-resistant cell line variants released fewer EVs, when normalised per number 

of secreting cells, compared to their neratinib-sensitive counterparts (Figure 4.4). This difference 

was significant between EVs samples from SKBR3 and SKBR3 NR, but not for EVs from HCC1954 

and HCC1954 NR. Non-significant differences were found in particle size (Figure 4.4). 
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Figure 4.4. Particle quantities and sizes as evaluate by NTA. 
EVs collected by 200K UC approach were analysed by Zetaview. (Top) Particle size measured by 

NTA. Representative of n = 3 experiments ± SEM. Unpaired t-test was used to calculate significance; 

(Bottom) NTA revealed a significantly decreased in EVs released from SKBR3 NR compared with 

their neratinib-sensitive counterparts. Representative of n = 3 experiments ± SEM. Unpaired t-test 

was used to calculate significance: *p<0.05. 

4.4.1.3 Characterisation of 200K-EVs isolates by protein content 
The relative amount of EVs protein (expressed as μg of protein/106 cells) in non-lysed EVs samples 

was determined by Micro BCATM Protein Assay Kit (Figure 4.5). No significant differences in terms 

of protein amount were found between neratinib-sensitive and neratinib-resistant cell lines’ EVs 

isolates. 
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Figure 4.5. Protein quantification of EVs isolates. 
Mean values of protein concentrations (µg of protein normalised by 106 cells) of n = 3 isolates ± SEM 

are illustrated. Unpaired t-test was used to calculate significance. 

 

4.4.1.4 Characterisation of 200K-derived EVs by IFCM 
IFCM was used to determine the presence of EVs markers based on the presence of widely accepted 

proteins by the EVs research community (CD9, CD63, and CD81) as indicative of EVs. When we 

analysed these EVs by IFCM we also observed fewer positive events for EVs positive markers for 

the EVs harvested from conditioned media on neratinib-resistant variants when we compare with 

their sensitive counterparts (Figure 4.6). Both neratinib-resistant variants released fewer positive 
events for CD9 and C63 than their counterparts, while for CD81-positive events this difference was 

only significant between SKBR3 cell line variants. Table 4.4 registers the positive events for each 

marker and the fold-change between the variants. 
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Figure 4.6. Imaging Flow Cytometry analysis of the surface of the EVs. 
Amnis ImageStreamX was used to measure EVs positive markers on (Top) HCC1954 variants-

derived isolates and (Bottom) SKBR3 variants-derived isolates. Neratinib-resistant (NR) cell variants 

released fewer CD9+, CD81+ and CD63+ particles compare to their neratinib-sensitive counterparts. 
Graphs are representative of n = 3 experiments ± SEM. Unpaired t test was used to calculate 

significance: *p<0.05. 
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Table 4.4. Positive events when analysing for EVs’ markers by IFCM. 

+Events/106 cells 

HCC1954 

Marker Neratinib-sensitive Neratinib-resistant Fold change p value 

CD9 2.88×107 ± 7.93×106 4.08×106 ± 1.52×106 ↓7.04 0.038 (*) 

CD81 7.10×106 ± 2.34×106 8.22×105 ± 3.25×105 ↓8.63 0.056 (ns) 

CD63 8.42×106 ± 2.54×106 1.55×107± 4.14×106 ↓19.28 0.035 (*) 

SKBR3 

Marker Neratinib-sensitive Neratinib-resistant Fold change p value 

CD9 5.18×107± 1.29×107 9.65×106 ± 5.84×106 ↓5.37 0.041 (*) 

CD81 3.24×107 ± 8.36×106 2.66×106 ± 1.92×106 ↓12.2 0.026 (*) 

CD63 1.55×107 ± 4.15×106 1.27×106 ± 8.96×105 ↓12.25 0.028 (*) 

Fold change is calculated as neratinib-resistant/neratinib-sensitive ratio.  

4.4.1.5 Characterisation of 200K- EVs isolates by immunoblotting 
Immunoblotting was also used to determine the presence of EVs markers based on the presence of 
proteins accepted by the EVs research community as indicative of EVs. CD63, syntenin and CD9 

are widely accepted EVs markers, while the analysis of functional proteins, such as calnexin or 

GRP94, is required when claiming specific analysis of sEVs[105].EVs separated using 200,000× g 

ultracentrifugation positively carries EVs markers, syntenin, and/or tetraspanin CD63 and CD9, while 

GRP94 or calnexin were not detected in the samples (Figure 4.7). Interestingly, HCC1954 NR-

derived EVs give rise to a weaker signal for CD63 (p = 0.052) and syntenin (p = 0.017) compared to 

the EVs recovered from neratinib-sensitive cell variant. In keeping with the results obtained for the 
EVs derived from HCC1954 cell variants, SKBR3 NR-derived EVs presented a decrease in 

tetraspanins presence (CD63 and CD9) compared with SKBR3-derived EVs while there was a 

complete lack of syntenin in the NR-derived EVs obtained by this protocol. 
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Figure 4.7. Immunoblots of EVs markers present on the EVs collected by 200K UC. 
Cell conditioned media from HER2+ cell lines were subjected to 200,000× g UC protocol. (Top) Ten 

μg of EVs were loaded, together with ten μg of the corresponding cell lysate (CL) used as control. 

Samples were then analysed by immunoblotting for the presence of the following proteins: Calnexin 
and GRP94, proteins considered cell specific and are expected to be absent from sEVs; CD63 a 

tetraspanin used as general EVs marker; Syntenin-1, associated with sEVs population; and CD9 a 

tetraspanin associated with mEVs and lEVs. Each blot represents three independent experiments 

and the densitometric analysis of these three are presented in (Bottom) as the mean n = 3 ± SEM 

(*p<0.05). 

4.4.1.6 HER2 status on the cells and their harvested 200K-EVs isolates 
Once the EVs were fundamentally characterised, the next step was to investigate if EVs released 

from neratinib-sensitive and neratinib-resistant cells reflect the HER2 status of their cells of origin 

and, thus, have potential as minimally-invasive biomarkers. Immunoblot analysis of HER2 protein in 

three replicates of HCC1954, SKBR3, EFM192A, HCC1954 NR, SKBR3 NR and EFM192A NR cell 
lysates was performed.  

Our group had previously published the HER2 status on the HCC1954 and EFM192A compared to 

their respective neratinib-resistant counterparts[232]. However, the comparison between SKBR3 and 

SKBR3 NR had not previously been analysed. In agreement with our previous publication for the 

HCC1954 and EFM192A cell variants, and established here for the SKBR3 variants, immunoblot 

analysis showed that NR cell line variants have significantly reduced HER2 protein expression 

compared to their respective neratinib-sensitive counterparts (Figure 4.8A). The presence of HER2 

was also studied on the EVs harvested from SKBR3, SKBR3 NR, HCC1954 and HCC1954 NR by 
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immunoblotting (Figure 4.8B) as well as IFCM analysis (Figure 4.9). As EVs derived from EFM192A 

and EFM192A NR cell variants were not collected using 200K UC protocol, the presence of HER2 in 

those EVs were not analysed. 

Results from both assays confirmed that EVs from neratinib-sensitive cells (SKBR3 and HCC1954) 

carried HER2, while those from NR cells (SKBR3 NR and HCC1954 NR) lacked HER2, reflecting the 

HER2 status of their cells of origin. When analysed by IFCM, we obtained a significant decrease of 
HER2+ events in the EVs isolates obtained from SKBR3 NR cells compared to their neratinib-

sensitive counterparts (1.49-fold, p = 0.033) but it was not significant in the case of HCC1954 cell 

variants (1.2-fold, p = 0.065). We also analysed, by IFCM, the double positive events for the different 

EVs markers and HER2. In line with the results obtained, it was observed a reduction on the double 

positive events in NR-derived EVs when compared with their parental counterparts (Appendix II; 
Figure III-1). 
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Figure 4.8. Evaluating the HER2 protein expression in neratinib-resistant and neratinib-
sensitive cancer cells and its presence on their EVs, by immunoblotting. 
(A) Immunoblots showing expression of HER2 in neratinib-sensitive and neratinib-resistant 

(Neratinib Resistant; NR) cancer cell lines. Thirty μg of HCC1954, HCC1954 NR, SKBR3, SKBR3 

NR, EFM192A and EFM192A NR cell lysates (CL) were loaded for their analysis. The relative 

intensity (AU) of the protein signal band was calculated using ImageJ software. 𝛽-actin was used as 

loading control and normalisation. *p<0.05, n = 3 culture protein lysates (each replicate is numbered); 

(B) Representative immunoblots showing the presence of HER2 on EVs released by neratinib-

sensitive and neratinib-resistant – derived EVs and CL. Ten μg of protein obtained from HCC1954, 

HCC1954 NR, SKBR3, and SKBR3 NR derived EVs were loaded for their analysis, together with CL 
used as control. Each line (1, 2, 3) represents three independent experiments and the densiometric 

analysis of these three are presented as the mean of n = 3 ± SEM (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 4.9. HER2 analysis on EVs surface, by IFCM. 
Amnis Image Stream was used to measure HER2 on the surface of EVs. SKBR3 NR and HCC1954 
NR released less HER2+ particles than their neratinib-sensitive counterparts. Graphs are 

representative of n = 3 experiments ± SEM. Unpaired t-test was used to calculate significance: 

*p<0.05. 

4.4.2 Characterisation of GUC-EVs isolates from neratinib-sensitive 
and neratinib-resistant cells 

Hence, before adding the other set of cell lines (EFM192A and EFM192A NR) to investigate the EVs 

cargo, we decided to take a step back and change to an EVs’ collection protocol more accepted by 

the EVs community. GUC using OptiprepTM has become one of the most common protocols to 

achieve better EVs purity with less damage of EVs’ surfaces, as it is cushioned. Then, we 
characterise EVs from neratinib-sensitive and neratinib-resistant cell lines using this protocol to 

confirm if the reduction in EVs’ release is also evident with “purer” EVs isolates. 

4.4.2.1 Characterisation of GUC-derived EVs by NTA (NanoSight) 
The size and concentration of particles obtained by GUC protocol from the three neratinib 

sensitive/resistant pairs of HER2+ breast cancer cell lines are presented in Table 4.5. There were 

no statistically detected differences in terms of EVs size or EVs numbers between the EVs collected 

from neratinib-sensitive and neratinib-resistant cell variants in our study. The neratinib-sensitive cell 

lines EFM192A, HCC1954, and SKBR3 release EVs with an insignificantly lower mean dimension 

compared to their neratinib-resistant counterparts (Figure 4.10). No significant differences in particle 

quantities normalised per 106 cells were found between conditions, although particles released by 
neratinib cell lines seemed to be slightly decreased. However, the irreproducibility of results between 

replicates must be considered.  
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Table 4.5. EVs sizes and quantities as evaluate by NTA. 

Size (nm) 

 Neratinib-sensitive Neratinib-resistant p value 

EFM192A 97.4 ± 6.8 101.1 ± 2.5 0.641 (ns) 

HCC1954 99.3 ± 3.7 107.7 ± 7.1 0.355 (ns) 

SKBR3 87.6 ± 7.1 99.9 ± 7.1 0.289 (ns) 

Particle numbers (normalised by 106 cells) 
 Parental NR-resistant Fold change p value 

EFM192A 1.59×109 ± 7.87×108 2.04×109 ± 7.36×108 ↑1.28 0.697 (ns) 

HCC1954 7.45×109 ± 5.83×109 6.75×109 ± 4.02×109 ↓1.10 0.927 (ns) 

SKBR3 8.16×1010 ± 1.4×1010 6.06×1010 ± 2.35×1010 ↓1.35 0.486 (ns) 

Particle numbers 30-150 nm (normalised by 106 cells) 
 Parental NR-resistant Fold change p value 

EFM192A 6.38×109 ± 5.11×109 4.86×109 ± 2.78×109 ↓1.75 0.806 (ns) 

HCC1954 5.47×109 ± 4.32×109 4.52×109 ± 2.84×109 ↓1.21 0.863 (ns) 

SKBR3 6.84×109 ± 5.33×109 5.19×109 ± 3.16×109 ↓1.32 0.803 (ns) 
Comparison of number of particles/106 cells (analysed by NanoSight) from samples collected from 

neratinib-sensitive cell variants and their neratinib-resistant counterparts by GUC protocol. Fold 

change is calculated as neratinib-resistant/neratinib-sensitive ratio. 
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Figure 4.10. Mean EVs size and particles number as evaluate by NTA. 
EVs separated by GUC approach were analysed by NanoSight; (Left) Size measured by NTA. 

(Centre) Total particle numbers normalise per 106 of secreting cells and (Right) particle numbers 

with a size between 30-150 nm normalised per 106 of secreting cells. Representative of n = 3 

experiments ± SEM. Unpaired t-test was used to calculate significance. NR= neratinib-resistant. 

 

4.4.2.2 Characterisation of GUC-derived EVs by protein content 
The relative amount of protein (expressed as μg of protein/ 106 cells) present in lysed EVs samples 

was determined by bicinchoninic acid assay (Figure 4.11). No significant differences in terms of 

protein quantity were found between neratinib-sensitive and neratinib-resistant cell lines’ EVs 

isolates. 
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Figure 4.11. Protein quantification of EVs obtained by GUC approach. 
Mean values of protein concentrations (µg of protein normalised by 106 cells) of n = 3 isolates ± SEM 

are illustrated. Unpaired t-test was used to calculate significance. 

 

4.4.2.3 Characterisation of GUG-derived EVs by IFCM 

Given that NTA is unreliable for evaluating EVs per se, to ensure that the resistance to neratinib was 

affecting EVs’ release, the current efforts in the field are focusing to improve flow cytometry protocols 

for EVs characterisation. Particularly, we use a protocol staining the cell plasma membrane (staining 

“EVs” but also lipoproteins) and staining with HER2 antibody to assess the presence of HER2 on the 

EVs’ surface, to try a better estimation on EVs’ release. Results are presented in Figure 4.12. 

IFCM assay using CellMask/HER2 staining revealed a significant decrease in the case of EFM192A 

NR-derived EVs samples (3-fold lower in CellMask+ events, p = 0.007; 3.5-fold lower in 

CellMask+/HER2+ events, p = 0.023) compared to the EVs derived from their neratinib-sensitive 

counterparts. When we examine the proportion of CellMask+/HER2+ events among all CellMask+ 
events, only a low percentage of those CellMask+ events were also positive for HER2, being 

EFM192A and EFM192A NR-derived EVs the ones with higher presence of double-positive events 

(50.8 vs 46.46%, respectively) compared with HCC1954 (32.15% vs 23.42%, p = 0.017) and SKBR3 

variants (19.39% vs 28.69%).  

As we were expecting more HER2+ events on EVs’ surface, we decide to perform an HER2 ELISA 

assay with intact EVs and lysate EVs to determine if the presence of HER2 on those EVs was higher 

in the membrane or it has more important presence as EVs’ cargo. 
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Figure 4.12. IFCM characterisation of EVs released by HER2+ cell lines. 
Data were collected by measuring the CellMask cell plasma membrane stain signal (Top) and 

CellMask/HER2 signal (Bottom) on the EVs isolates obtained from (Left) EFM192A and EFM192A 

NR, (Middle) HCC1954 and HCC1954 NR, and (Right) SKBR3 and SKBR3 NR. Unpaired t-test was 
used as a statistical test. *p<0.05, **p<0.01 (n = 3 replicates). 

 

4.4.2.4 Characterisation of GUG-derived EVs by immunoblotting 
To evaluate EVs markers present on the different EVs isolates, immunoblotting was performed, and 

results presented in ¡Error! No se encuentra el origen de la referencia.. EVs were positive for all the m

arkers used while calnexin (found in some types of EVs, but not enriched in the smaller EVs) was 

not detected. Only one EVs exclusion marker was used in this section. For this reason, GRP94 was 

not evaluated here. 
Immunoblots performed on EVs lysates showed a decrease of CD63 and syntenin markers in 

EFM192A NR and SKBR3 NR isolates compared with their neratinib-sensitive derived-EVs 

counterparts, respectively. No substantial differences were found in the presence of CD9 on the 

isolates obtained from SKBR3 and EFM192A cell lines variants. The signal of syntenin band was 

decreased in HCC1954 NR-derived EVs compared to those released by HCC1954. No changes in 

the presence of CD63 or CD9 were detected between these two populations.  
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4.4.2.5 Characterisation of GUC-derived EVs by TEM 
Representative TEM pictures of EFM192A, EFM192A NR, HCC1954, HCC1954 NR, SKBR3 and 

SKBR3 NR -derived EVs are shown in Figure 4.14. Inspection of EVs revealed their integrity in most 

cases.  

In line with the results obtained by NTA, we observed a representative size lower than 100 nm, with 

the presence also of both small (~50 nm) and medium EVs (≥100 nm) in all the EVs isolates. 

However, we can observe, in general, a reduction of particles in NR-derived isolates together with 

an increased presence of bigger particles.  

 

 
Figure 4.14. Representative TEM images of EVs isolates obtained by GUC method. 
Representative transmission electron microscope (TEM) images of neratinib sensitive-derived and 

neratinib resistant-derived EVs. Big pictures represent a zoomed-out view (5000x; Scale bar = 500 

nm), while the edged pictures depict a zoomed-in view (30000x; Scale bar = 100 nm) of the same 
spot. 
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4.4.2.6 Analysing HER2 cargo on the EVs released by neratinib-sensitive 
and neratinib-resistant cell lines 

For the analysis of HER2 presence on the EVs surface and as EVs cargo, the protein content on 

lysate EVs and intact EVs was evaluated by ELISA assay (Figure 4.15). 
While statistical significance was only achieved in non-lysate EFM192A-derived EVs samples, the 

data indicated a decrease in the HER2 content on NR-derived EVs’ lysates compared with their 

neratinib-sensitive counterparts. Interestingly, although this reduction was also observed on the 

intact EVs samples derived from neratinib-resistant cell lines, it was less remarkable. These results 

suggest that NR-derived EVs carried less HER2, reflecting the reduction of HER2 expression 

observed in the neratinib-resistant cell lines. 

Although we cannot directly compare the results obtained from lysate EVs (based on μg of protein) 

and intact EVs (based on volume), it seems the content of HER2 was higher on the lysate EVs than 
in the surface of those EVs. These results can indicate that those EVs probably originated in the 

endocytic pathway and the HER2 content could be part of the HER2 trafficking as suggested by 

others[276,278].  

 
Figure 4.15. HER2 presence on the EVs isolates evaluated by ELISA assay. 
EVs were isolated after 48 hrs incubation. After incubation time, EVs were separated from 

conditioned media, were lysed (Top) or not (Bottom) to evaluated HER2 levels. Graphs represent n 

= 3 biological repeats as mean ± SEM. Two-way ANOVA was used to calculate significance: *p<0.05. 
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4.4.2.7 Analysing AGR2 cargo on the EVs released by neratinib-sensitive 
and neratinib-resistant cell lines. 

We also investigated the presence of AGR2 on the EVs released by HER2+ breast cancer cell lines. 

Previously work performed and discussed in preceding Chapter 3, found that AGR2 was down-
regulated in HC1954 NR and SKBR3 NR cell variants compared with their neratinib-sensitive 

counterparts. As a preliminary study, we analysed by immunoblotting the presence of AGR2 on those 

EVs lysates (Figure 4.16). Although we noticed the presence of AGR2 on the parental and NR-

derived EVs, no significance differences existed.  
 

 
 

Figure 4.16. AGR2 content on the EVs evaluated by immunoblotting. 
Ten μg of HCC1954, HCC1954 NR, SKBR3, and SKBR3 NR derived EVs or cell lysate (CL) used 

as control were loaded to evaluate the presence of AGR2. Images represent n = 3 experiments. 

NR=neratinib-resistant. 
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4.4.3 Summary of findings from EVs separation approaches 

Table 4.6 summarise the findings obtained by using both different EVs separation approaches. 

Table 4.6. Summary of all the substantial results obtained from the different EVs separation 
methodologies. 

EVs collected by 200K UC protocol 

Assay EFM192A 
(NR vs sensitive) 

HCC1954 
(NR vs sensitive) 

SKBR3 
(NR vs sensitive) 

Protein amount - ↑1.65-fold 
(p = 0.105) n.d. 

NTA: 
Particle amount - ↓4.3-fold 

(p = 0.126) 
↓6.1-fold 

(p = 0.033*) 
NTA: Particle size - n.d. n.d. 

EVs markers 
(Immunoblotting) - 

↓CD63 
(p = 0.052) 
↓Syntenin 

(p = 0.017*)  

↓Syntenin  
(p = 0.031*) 

↓CD9 
(p = 0.058) 

HER2 (Immunoblotting) - ↓HER2 
(p = 0.0006***) 

↓HER2 
(p = 0.008**) 

IFCM - EVs markers - 

↓CD9, 7.04-fold 
(p = 0.038*) 

↓CD81, 8.63-fold 
(p = 0.056) 

↓CD63, 19.28-fold 
(p = 0.035*) 

↓CD9, 5.37-fold 
(p = 0.041*) 

↓CD81, 12.2-fold 
(p = 0.026*) 

↓CD63, 12.25-fold 
(p = 0.028*) 

IFCM - HER2+ - ↓HER2, 4.43-fold 
(p = 0.0655) 

↓HER2, 6.41-fold 
(p = 0.033*) 

EVs collected by GUC protocol 

Assay EFM192A 
(NR vs sensitive) 

HCC1954 
(NR vs sensitive) 

SKBR3 
(NR vs sensitive) 

Protein amount ↓1.55-fold 
(p = 0.204) n.d. ↓1.31-fold 

(p = 0.152) 
NTA: Particle size n.d. n.d. n.d. 

NTA: Particle amount ↑1.28-fold 
(p = 0.697) n.d. ↓1.35-fold 

(p = 0.486) 

NTA: Particle amount 30-150 nm ↓1.75-fold 
(p = 0.806) 

↓1.21-fold 
(p = 0.863) 

↓1.32-fold 
(p = 0.803) 

EVs markers (Immunoblotting) 

↓CD63  
(p = 0.028*) 
↓Syntenin  
(p = 0.03*) 

n.d. 

↓CD63  
(p = 0.02*) 
↓Syntenin 
(p = 0.355) 

AGR2 (Immunoblotting) - n.d. n.d. 

IFCM - Cell Mask+ ↓3-fold 
(p = 0.007**) 

↓2.2-fold 
(p = 0.174) 

↓1.24-fold 
(p = 0.677) 

IFCM - CellMask+HER2+ ↓3.5-fold 
(p = 0.023*) 

↓3.03-fold 
(p = 0.119) n.d. 

HER2 (ELISA) 
lysed EVs samples 

↓2.18-fold 
(p = 0.095) 

↓1.84-fold 
(p = 0.42) 

↓2.74-fold 
(p = 0.155) 

HER2 (ELISA) 
non lysed EVs samples 

↓2.1-fold 
(p = 0.034*) n.d. ↓1.44-fold 

(p = 0.67) 
Findings with significant p values are highlighted. n.d. = no differences. 
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4.5 Discussion 

EVs play a significant role in both physiological and pathophysiological conditions, primarily by 

promoting cell-to-cell communication and propagating signals throughout the body. In cancer, EVs 

released by cancer cells containing various proteins and nucleic acids can spread oncogenic signals 

to both nearby cancer and normal cells, promoting cancer progression. These signals activate 

processes such as increased cellular proliferation, resistance to chemotherapy, and migration, 

leading to the receiving cells becoming more aggressive, surviving, invading the extracellular matrix, 
accessing the bloodstream, and eventually metastasising to secondary areas of the body[283,284]. 

Previous research performed by our research group demonstrated that EVs from docetaxel-resistant 

cells partially promoted cell proliferation and increased docetaxel-resistance in receiving cells. This 

finding was supported by EVs collected from plasma of patients treated with docetaxel[151]. 

Collectively this means that EVs may be substantially inhibiting cancer patients gaining benefit from 

anti-cancer drugs. Thus, the aim of this project is to gain an in-depth understand of EVs in HER2+ 

breast cancer, including those released by neratinib-resistant HER2+ breast cancer cell lines. A study 

previously published by our group showed that HER2 expression in the HCC1954 NR and EFM192A 
NR was decreased, compared to their neratinib-sensitive counterparts [232]. However, the comparison 

between SKBR3 and SKBR3 NR had not previously been performed. We confirmed by immunoblot 

analysis that NR cell line variants have reduced HER2 protein expression compared to their 

respective neratinib-sensitive counterparts, including SKBR3 NR cell line. 

We investigated if EVs reflect the HER2 status of their cells of origin, as well as the content of AGR2, 

a protein that we found to be down-regulated in neratinib-resistant cell variants that could play an 

important role in neratinib-resistant mechanism (see Chapter 3). To achieve this, we used different 
EVs separation protocols and different EVs characterisation techniques to shed light about the effect 

of NR phenotype on the EVs released and their properties. 

The separation and purification of EVs from biological fluids is a critical step in EVs research, and 

several methods have been developed for this purpose. Among the most widely used methods are 

dUC, size exclusion chromatography, immunoprecipitation, microfluidics, ultrafiltration, and GUC. 

Each EVs separation method has its own advantages and limitations, and the choice of method will 

depend on the specific research question, the sample type, and the downstream application[97,285]. 

As we demonstrated previously (see Chapter 2), the use of multiple sources of cellular media is 
recommended while comparing EVs separation methods, as some results cannot be extrapolated to 

other samples, meaning that the efficiency of a methodology could be directly related with the CM 

source used. 

We firstly use 200K UC protocol for EVs separation. However, before adding EFM192A and 

EFM192A NR cell lines to the comparison and investigate the EVs cargo, we decided to take a step 

back, switching to other protocol more accepted by the EVs community and more reproducible. GUC 

using OptiprepTM has become one of the most commonly protocols to achieve better EVs purity and 

more intact EVs[105,286]. Then, we characterise EVs from neratinib-sensitive and neratinib-neratinib 
cell lines using this protocol to confirm if a reduction in EVs’ release was also evident with “purer” 

EVs isolates.  
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Here, we firstly separated EVs from HCC1954, HCC1954 NR, SKBR3, and SKBR3 NR conditioned 

media by 200K protocol. We evaluated and characterised the number and content of those EVs by 

NTA, immunoblotting and IFCM. It is well known that cancer cells produce EVs constitutively and 

abundantly[209,244]. However, NTA as well as IFCM showed a reduction in the EVs released by NR 

cell lines. The lack of significance in NTA results (Section 4.4.1.2) was very possibly due to high 

error bars with NTA. However, the lower presence of EVs markers (CD9, CD63, and CD81) analysed 
by IFCM in the EVs derived from NR cell variants compare with their neratinib-sensitive counterparts 

was significant in both HCC1954 and SKBR3 cell line variants. These results are in keeping with the 

results obtained by Dr Michelle Lowry in this group previously[232]. We also considered the possibility 

that the difference in EVs numbers derived from neratinib-sensitive and neratinib-resistant cell 

variants was due to significant differences in secreting cell numbers between cell variants. However, 

no significant differences in cell numbers were obtained between neratinib-sensitive and neratinib-

resistant cell variants. These findings suggest that this decrease in EVs’ release could be related 

with neratinib-resistance. 
We also estimated the relative amount of EVs protein in EVs samples obtained by 200K UC protocol. 

Although no significant differences were found between neratinib-sensitive and neratinib-resistant – 

derived EVs, the results confirmed that protein is a very poor surrogate for EVs quantities. While 

IFCM and immunoblotting showed a substantial decrease of EVs markers in NR-derived EVs 

compared to their neratinib-sensitive counterparts, no significant differences were found in terms of 

amount of protein. Interestingly, higher amount of EVs protein was found in HCC1954 NR-derived 

EVs compared to their neratinib-sensitive counterparts.  
We also evaluated the presence of HER2 protein on the EVs by immunoblotting and IFCM to settle 

if the 200K-EVs represent the HER2 status of their cells of origin. Immunoblotting analysis was 

performed for the CLs as well as EVs lysates. We founded that HER2 was not detected in 200K-EVs 

harvested from NR cell variants compared to the EVs released by their neratinib-sensitive 

counterparts. Interestingly, Ciravolo et al. (2012)[147] suggested that HER2+ EVs secretion could be 

exacerbated in advanced breast disease as compared to early stages, representing a mechanism of 

resistance.  

In this point, we decide to introduce another pair of neratinib sensitive and neratinib resistant cell 
variants (EFM192A and EFM192A NR) to shed light to the neratinib mechanism and its involvement 

in EVs released and specifically, HER2+ EVs secretion. However, before including it, we needed to 

evaluate if this methodology used fit our purposes. The reason for switching from a 200K protocol to 

a GUC protocol for EVs separation is due to the limitations of the previous method. Although the UC 

is considered the gold standard method for EVs collection, it is a time-consuming and labour-

intensive process that can lead to sample aggregation and loss of EVs during pelleting. In addition, 

we observed lot of variability between replicates by immunoblotting. 

On the other hand, GUC methodology separates EVs based on their density and can be used to 
isolate specific EVs subpopulations. This method has the advantage of providing a higher yield of 

pure EVs with reduced contamination from other cellular components. Additionally, it requires a 

smaller sample volume although still being as labour-intensive as UC[287]. Therefore, we moved to a 
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GUC protocol for EVs separation as it offers a more efficient and reliable method for EVs collection 

that allows us to obtain high-quality EVs for downstream analysis.  

A similar result, although not significant, were observed using EVs isolates obtained by GUC from 

EFM192A, HCC1954, and SKBR3 cell variants (neratinib-sensitive and neratinib-resistant). A 

general reduction was observed in the particle amount on the NR-derived EVs isolates as well as a 

decreased in EVs markers by immunoblotting. When we investigated the HER2 content on the non 
lysed and lysed EVs samples, we found a decrease as well on the NR-derived isolates when 

compared with the parental (neratinib-sensitive) counterparts. The study performed by Santamaria 

et al. (2021)[278] found that the treatment with neratinib increased the formation and release of EVs 

in HER2+ breast cancer cells. Neratinib also altered the endocytic trafficking of the cells, leading to 

the accumulation of vesicles inside the cells, suggesting that the increased release of EVs could play 

a role in the anti-tumour effects of neratinib. However, our findings suggest a decrease on EVs’ 

release by neratinib-resistant cell variants, is not in line with these previous results performed in 

neratinib-sensitive cells, indicating that the development of neratinib-resistance could lead in 
changes of HER2 trafficking and EVs’ release/biogenesis.  

In keeping with this, the proteomic profiling of these six cell line variants discussed in Chapter 3 and 

included in the Appendix II, showed that some of the differentially expressed proteins in HCC1954 

NR and SKBR3 NR cell variants were related with EVs’ release (i.e., RAB3A and flotillin-1, 

respectively), although were not shared between the different cell lines. No related proteins were 

found in the case of EFM192A NR with vesicle trafficking. More interestingly, those proteins related 

with EVs’ release were differentially down-regulated in the neratinib-resistant cell variants. These 
results suggest that the release of EVs could vary between cancer cell lines with different levels of 

sensitivity or resistance to various treatments, and that the cargo of these EVs can also differ and 

potentially contribute to the development of resistance. Further analysis must be performed to 

discover the role of those proteins in the EVs’ release in neratinib-resistant cell variants and to 

determine the biological reason under the EVs’ release blockage in neratinib-resistant cell variants. 

Successively, we also analyse the presence of AGR2 on the HCC1954 and SKBR3-derived EVs in 

both neratinib-resistant and neratinib-sensitive cell variants. AGR2, as described in Chapter 3, is a 

common protein down-regulated in HCC1954 NR and SKBR3 NR that could play an important role 
in the neratinib-resistance mechanism. However, no significant differences were found by 

immunoblotting on the content of AGR2 between the neratinib sensitive and neratinib resistant-

derived EVs. Quantitative analysis must be performed to determined differences in the content of 

this secreted protein on the EVs and its implication as secreted protein in the tumour 

microenvironment.  
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4.6 Conclusion 

The results in this study indicate that EVs’ release seems to be reduced in neratinib-resistant cell 

lines compared to their neratinib-sensitive counterparts. Similar results were obtained using both 

200K UC and GUC protocols. In addition, HER2 presence in neratinib-resistant-derived EVs was 

lower than in those derived by neratinib-sensitive counterparts, as happened with the HER2 

expression in their cells of origin. However, a deep analysis must be done to determine the possible 

mechanism behind this reduction and identify possible targets to elucidate the mechanism of 
resistance. 
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Chapter 5  

Unravelling the effect of hypoxia on the cargo 
and release of EVs from neratinib-resistant and 
neratinib-sensitive HER2+ breast cancer 
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Abstract 

Hypoxia, defined as low oxygen level, is considered a hallmark of solids tumours, and it is associated 
with cancer cell survival, EMT, metastasis, and drug resistance. Interestingly, previous research 

performed by our group and others has shown that EVs are involved in those mechanisms. Thus, 

this study aimed to understand hypoxia’s influence on EVs’ release by neratinib-resistant and 

neratinib-sensitive HER2+ breast cancer cell lines. 

 

HER2-positive cell lines (HCC1954, EFM192A and SKBR3) and their neratinib-resistant counterparts 

(HCC1954-NR, EFM192A-NR, and SKBR3-NR) were seeded in complete medium and allowed to 

attach overnight. Before CM collection, media was switched to medium containing EVs-depleted 
FBS. Cells were then incubated in normoxic (21% O2) or hypoxic conditions (1% O2) for 48 hrs. 10K 

(10,000× g, 4ºC, 30min) and 120K (120,000× g, 4ºC, 1hr 15min) pellets were obtained from the CM 

by dUC. Particle numbers was measured by NTA. Protein concentration of EVs samples was 

determined by BCA assay. EVs and lysates of their cells of origin were characterised by immunoblots 

for EVs markers and hypoxia-related proteins. CellMaskTM Plasma Membrane stain and HER2 were 

used to analyse EVs by IFCM. TEM images were taken to evaluate EVs’ integrity. EVs’ cargo was 

also evaluated by measuring the presence of E-cadherin, IL-6, IL-8, and HER2 by ELISA, as well as 
the presence of some miRs related with hypoxia and/or cancer progression (miR-21, miR-210, miR-

155, and miR-630). 

 

This study indicates that hypoxia has different cell-specific protein expression changes and 

modulates the release of EVs from cancer cells.  Immunoblots performed on cell lysates showed a 

decrease of CD9 and CD63 tetraspanins considered positive markers for EVs, in hypoxia vs 

normoxia. However, no significant differences for those markers were found with the 10K and 120K 

EVs isolates. 120K and 10K pellets obtained under hypoxia showed an increase of μg of protein 
normalised by millions of donor cells compared with normoxia. NTA and IFCM showed disparities 

when EVs’ number was evaluated. EVs under hypoxic conditions are influenced by the specific 

characteristics of the cells involved, as well as the impact on the cargo contained within these 

vesicles. Investigating the EVs’ cargo, results indicated an increase in the levels of E-cadherin, IL-6, 

IL-8, and HER2 EVs derived from hypoxic HER2+ cancer cells. This increase in EVs carrying these 

specific molecules may contribute to tumour progression, aggressiveness, and the development of 

resistance to anti-HER2 drugs. Additionally, we have identified distinct populations of miRNAs 

enriched in these EVs, although it is important to consider the limitations of our methodology in this 
regard. These findings highlight a novel avenue for investigating EVs and their miRNA content. 

Understanding the role of EVs in the hypoxic TME is crucial for the advancement of effective cancer 

therapies. 
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5.1 Introduction 

It is widely acknowledged that the presence of a hypoxic microenvironment can play a role in 

mutagenesis and the development of cancer. It is estimated that about 25 – 40% of invasive breast 

cancers exhibit hypoxic regions, with a clear association recognised between the existence of 

hypoxic areas in solid tumours and the processes of carcinogenesis, metastasis, treatment failure 

and patient mortality[288,289] . Studies have also established that hypoxia could affect the response of 

breast cancer cells to therapies such as chemotherapy and radiation. Hypoxic cells are known to be 

more resistant to these treatments, which can contribute to the lack of treatment response and 

disease progression[290]. A recent study in TNBC demonstrated that the up-regulation of HIF-1α 

under low oxygen conditions leads to increased expression of the anti-apoptotic protein survivin via 

miR-494, promoting resistance to docetaxel by inhibiting apoptosis and promoting cell survival[291]. 

Several studies have demonstrated an altered expression of miRNAs under hypoxic condition, with 

miR-210 being the most consistently and significantly induced miRNA reported in hypoxia. Together 
with miR-210, miR-21 is one of the most studied miRNAs involved in cancer progression. Due to its 

overexpression in several types of cancer, miR-21 is proposed as an authentic oncogene that 

enhances tumour growth and invasion[292]. The miRNAs involved in hypoxia investigated in this 

chapter and their major functions and roles are summarised in Table 5.1. 

 
Previous work by our research group demonstrated that miR-630 negatively regulates the expression 

of insulin-like growth factor 1 receptor (IGF1R), a key protein in a signalling pathway involved in the 

development and progression of HER2 over-expressing breast cancer. Inhibition of miR-630 leads 

to increased expression of IGF1R, which in turn promotes cancer cell growth and resistance to HER-

targeting drugs[256]. However, it is not established if hypoxia contributes to miR-630 inhibition, turning 

cancer cells more resistant to anti-HER2 therapies. 

 

It has been shown that HIF-1α also promotes cap-dependent translation of specific messenger RNAs 

(mRNAs) by up-regulating the expression of the eukaryotic translation initiation factor 4E (eIF4E1) in 

hypoxic breast cancer cells[293]. In hypoxic cancer cells, HIF-1α-induced up-regulation of eIF4E1 

enhances the cap-dependent translation of specific mRNAs that encode proteins crucial for the 

growth of breast cancer cells in tumourspheres. These findings provide novel insights into the 

mechanisms of protein synthesis in cancer cells under low oxygen levels. 

 

EVs are important mediators of cell-to-cell communication that play an important role in the tumour 

microenvironment. EVs have been shown to transfer molecular cargo between cells, which can 

include miRNA, messenger RNA, DNA, and protein[100]. In the context of hypoxia, EVs released by 

hypoxic cancer cells can promote angiogenesis, cell survival, and invasion in recipient cells, thus 

contributing to the overall hypoxic response of the tumour[179,190,222,294–297]. It has been demonstrated 

that EVs released in hypoxic TME can also facilitated the suppression of immune cells and facilitating 

the tumour immune evasion[295,297].  
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Therefore, understanding the role of hypoxia in breast cancer and the special characteristics of EVs 

from cells cultured under hypoxic versus normoxic conditions could provide new insight into 

elaborating the role of hypoxia in resistance to anti-HER2 therapies; information that may be 

essential for the development of new therapeutic strategies to overcome the challenges posed by 

hypoxia in breast cancer treatment. 

Table 5.1.  An overview of miRNAs linked to hypoxia and investigated in this chapter. 

EMT=Epithelial-Mesenchymal Transition 
 
 
 
 
 
 
 
 
 

miRNA Expression 
in hypoxia 

 
Cancer types 

Main function and 
role associated 

with 
Key target Ref. 

miR-210-3p Up-
regulated 

Several types 
(including 

breast, 
glioblastoma, 

lung, pancreatic, 
or head and 
neck cancer) 

Inhibits apoptosis 
and autophagy, 

increase cell 
survival, migration, 
and differentiation 

E2F3 
FGFRL1 
GPD1L 

HIFs 
HOXA1 
Pax-5 

 

[298–300] 

miR-21-5p Up-
regulated 

Several types 
(including 

breast, lung, 
glioblastoma, 
thyroid, and 

prostate cancer) 

Increases tumour 
angiogenesis, cell 
proliferation and 
drug resistance 

Akt 
BAX 

BCL-2 
PDCD4 
TPM1 
TIMP3 
PDCD4 
PTEN 

[292,300,301] 

miR-155-5p Up-
regulated 

Several types 
(including 

breast, lung, 
colon, colorectal, 

gastric, and 
osteosarcoma) 

Promotes cell 
survival, cell 

growth, 
chemoresistance, 

radioresistance, cell 
plasticity and EMT. 

Caspase-3 
FOXO3A 

RhoA 
SOCS1 
TRF1 

TP53INP1 

[300,302,303] 

miR-630 To be 
determined 

Association with 
several tumours 

(including 
breast, lung, 

renal, colorectal, 
ovarian, and 

prostate cancer) 

Cytokine signalling 
in immune system, 

migration, and 
invasion 

suppression 

IGFR1 
LMO3 

 
[256,304–306] 
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5.2 Aims of the study 

The primary aim here was to investigate the effect of hypoxia on the HER2+ breast cancer cell lines 

by determining the expression of different markers as HIF-1α and HER2. In parallel, we also studied 

the effect of hypoxia on the release of EVs from neratinib-sensitive and neratinib-resistant HER2+ 

cell lines. Specifically, we aimed to quantify and characterise the EVs according to MISEV2018 

guidelines. Subsequently we aimed to determine if the EVs’ cargo differs between hypoxic and 

normoxic conditions.  
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5.3 Material and Methods 

5.3.1 Cell lines and culture conditions 

Six HER2-positive breast cancer cell line variants (EFM192A, HCC1954 and SKBR3 and their 

neratinib-resistant counterparts EFM192A NR, HCC1954 NR, and SKBR3 NR) were routinely 
maintained as explained in Section 2.3.1. A hypoxic atmosphere (1% O2, 5%CO2, 37ºC) was set in 

an InvivO2 400 Physoxia Workstation (Baker Ruskinn; Serial #: SP0287). After 24 hrs seeding, 

complete RPMI-1640 media was replaced with 25 ml/flask of complete RPMI-1640 media 

supplemented with 10% dFBS and 1% P/S (see Section 2.3.2) and cells were incubated under 

normoxic or hypoxic conditions during 48 hrs. 

5.3.2 EVs separation by differential ultracentrifugation (dUC) 

Before CM collection, 7×T175 cm2 flasks of EFM192A and EFM192A NR at a density of 3×106 cells 

per flask and 7×T175 cm2 flasks of HCC1954, HCC1954 NR, SKBR3, and SKBR3 NR at 2×106 cells 

per flask were seeded in complete RPMI-1640 medium. The medium was replaced the next day with 

RPMI-1640 medium containing 10% EVs-depleted-FBS (dFBS), 2mM L-Glutamine, and 1% 

penicillin/streptomycin (Sigma-Aldrich, Cat. #: P4333). After the cells conditioned the medium for 48 

hrs, approximately 175 mL aliquots of CM were collected from each cell line and process through the 
workflow illustrated in Figure 5.1. Cells were counted and their viability checked using the LUNA-

II™ automated cell counter (Logos biosystem, Cat. #: L40001) and 0.4% trypan blue stain (Logos 

biosystem, Cat. #: T13001), showing all cultures to be ≥95% viable. 

CM was centrifuged at 300× g for 10 min as a pre-clearing step to remove cellular debris. Then, the 

CM was transferred to new 50 mL falcon tubes and centrifuged at 10,000× g for 30 min at 4ºC. The 

resulting pellets were then washed at the same speed with PBS to obtain the final 10K pellets. The 

CM was transferred to a Quickseal 39 mL tubes (Beckman Coulter, Cat. #: 342414) and centrifuged 
at 120,000× g for 75 min at 4ºC in an Optima XPN-100 Ultracentrifuge (Beckman Coulter) using a 

Type 70Ti fixed-angle rotor (Beckman Coulter, Cat. #: 337922). The obtained pellets (120K pellet) 

were washed with PBS and re-centrifuged at the same speed in a new Quickseal tubes. Finally, the 

10K and 120K cleaned pellets were resuspended in 140 μl of PBS and stored in Protein LoBind 

tubes (Eppendorf, Cat. #: 0030 108.116) at -80ºC.  
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Figure 5.1. Workflow diagram of methodology used to assess the comparison between 
normoxic and hypoxic conditions and followed EVs characterisation. 
 (1) EFM192A, HCC1954, and SKBR3 neratinib-sensitive and neratinib-resistant cell variants were 

seeded in complete medium and allowed to attached overnight. Complete medium was then replaced 

with medium containing EVs-depleted FBS (dFBS). After 48 hrs incubation, conditioned medium 

(CM) was collected and cells were counted (2-3). The diagram displays the different steps for 

differential ultracentrifugation (dUC) for EVs separation/enrichment and (4) the parameters evaluated 

during the subsequent characterisation of the isolates. The process was conducted a minimum of n 

= 3 times. Schematic representation was created with BioRender.com. 
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5.3.3 Collection of protein lysate of normoxic and hypoxic cells and 
their EVs 

EFM192A and EFM192A NR cells were seeded at 2×106 cells per T75 flask (Corning, Cat. #: 

431464U) and HCC1954, HCC1954 NR, SKBR3 and SKBR3 NR were seeded at 1×106 cells. The 

following day the medium was changed to 10% EV-depleted FBS RPMI medium and placed in the 

incubator (21% O2) or in the InvivO2 400 Physoxia Workstation (1% O2). After 48 hrs of incubation, 

the medium was removed from the flasks and the cells were processed as previously describe in 
Section 2.3.6. The supernatant was transferred to a new tube and stored at -20ºC until required. 

EVs pellets were lysed by using 1:1 ratio of EVs suspension (50 μl) and lysis buffer containing 

protease inhibitor cocktail. 

5.3.4 Protein quantification by BCA assay 

Cell lysate and EVs lysate was quantified using the Bio-Rad protein assay Dye reagent (Bio-Rad, 

Cat. #: 500-0006) as previously described in Section 3.3.1.1.  

5.3.5 Immunoblotting assays 

For all immunoblotting performed in this chapter, total protein (30 μg for cell lysates’ immunoblots or 

10 μg for EVs’ characterisation blots) was resolved as per Section 2.3.8 on either 7.5% (Bio-Rad 
Laboratories, Cat. #: 4561023) or 10% Mini-PROTEAN TGXTM 10-well gel (Bio-Rad Laboratories, 

Cat. #: 4561034) along with a MW marker, SeeBlue Plus 2 Pre-stained standard (Invitrogen, Cat. #: 

LC5925). All antibody conditions and catalogue numbers used in this chapter are detailed in Table 
5.2. Densitometric analysis was performed using Fiji software[216]. 

Table 5.2. Antibody dilutions and conditions for immunoblotting. 
Primary 

Antibody 
Company, Cat. # Dilution 

Antibody 
condition 

Secondary 
Antibody 

β-Actin 
Sigma-Aldrich, 

A1978 
1:5000 3% BSA/PBST Anti-Mouse IgG 

β-Catenin Abcam, ab32572 1:1000 3% BSA/PBST Anti-Rabbit IgG 

Calnexin Abcam, ab133615 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD9 Abcam, ab236630 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD63 Abcam, ab68418 1:500 3% BSA/PBST Anti-Rabbit IgG 

eIF4E Cell Signaling, 2067 1:1000 3% BSA/PBST Anti-Rabbit IgG 

HER2 Calbiochem, OP15 1:1000 3% BSA/PBST Anti-Mouse IgG 

HIF-1α Abcam, ab179483 1:1000 3% BSA/PBST Anti-Rabbit IgG 

Syntenin Abcam, ab133267 1:1000 3% BSA/PBST Anti-Rabbit IgG 

Vinculin Cell Signaling, 7076 1:1000 3% BSA/PBST Anti-Rabbit IgG 

All secondary antibodies were diluted 1:1000 in 3% BSA/PBST 
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5.3.6 EVs characterisation 

5.3.6.1 NTA on 120K EVs isolates 
[NTA of EVs was performed in the Laboratory for Biological Characterisation of Advanced Materials 

(LBCAM), Trinity Translational Medicine Institute, as a paid service] 

 

Sixty samples containing EVs were analysed via NTA using a NanoSight NS500 system as described 
previously in Section 4.3.8.1. 

 

5.3.6.2 TEM analysis of 120K EVs isolates 
[TEM imaging of EVs was performed in the Advanced Microscopy Laboratory in Trinity Biomedical 

Sciences Institute by Mr. Neal Leddy as a paid service] 

 

Samples were prepared from TEM analysis as described in Section 2.3.9. 

5.3.6.3 Imaging Flow Cytometry on 10K and 120K EVs isolates 
The IFCM analysis of 10K and 120K pellets obtained from cells after 48 hrs in normoxic or hypoxic 

conditions was performed following the protocol described previously in Section 4.3.8.3. 

5.3.7 Characterisation of EVs’ cargo 

5.3.7.1 ELISA assay 
E-cadherin, HER2, IL-6 and IL-8 quantification was performed using the DuoSet ELISA kits 
(respectively R&D Systems, Cat. #: DY648, Cat. #: DY1129B, Cat. #: DY206-05 and Cat. #: DY208-

05) and following manufacturer’s instruction as explained in Section 3.3.3. Sample 

concentrations/volumes for each specific ELISA are summarised in Table 5.3. 

Table 5.3. Type of sample and concentrations/volumes used for ELISA assays. 

DuoSet® Elisa Kit 
Type of EVs  

samples 

Amount of EVs 
sample in 100 μl of 

reagent diluent 

Amount of Cell 
lysate in 100 μl of 

reagent diluent 
E-cadherin Non-lysate EVs 4 μl 10 μg 

HER2 Non-lysate EVs 10 μl 5-10 μg 

IL-6 Lysate EVs 5 μg 20 μg 

IL-8 Lysate EVs 5 μg 20 μg 

5.3.7.2 Total EVs RNA extraction 
For RNA extraction, 5×T175 cm2 flasks of EFM192A, EFM192A NR, HCC1954, HCC1954 NR, 

SKBR3 and SKBR3 NR were seeded as described in Section 5.3.2. Differential ultracentrifugation 

was used to obtain the final 120K pellets as described in previous Section 5.3.2 with minor 
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modifications. Briefly, final pellets were not resuspended in PBS and were instead directly lysate as 

described in the paragraph below. 

Total RNA was isolated from EV-enriched or cell pellets using miRNeasy Tissue/Cells Advanced mini 

kit (Qiagen, Cat. #: 217604) and following manufacturer’s instructions with slightly modifications. In 

brief, cell pellets and EVs pellets were resuspended in 450 μl of Buffer RPL and homogenise. Then 

140 μl of Buffer AL was added and mix thoroughly. Additionally, 3 μl of exogenous miRNA (33 fmol) 
cel-miR-39 (cel-miR-39 Spike-In Kit, Cat. #: # 59000, Norgen, Canada) were added to each sample 

then were left at RT (15–25°C) for 3 min.  

After the 3 min incubation, lysates were placed in a gDNA eliminator spin column placed in a 2 ml 

collection tube and centrifuge for 30 sec at 8000× g. After this stage, the colourless supernatant was 

transferred to a new 2 ml reaction tube and mixed by pipetting with 1 volume of isopropanol (Sigma-

Aldrich, Cat. #: I9516-500ML). The entire sample was then transfer to a RNeasy Mini column and a 

centrifuge step at 8,000× g for 15s was followed. This process was repeated twice to use the 

remainder of the sample. After this step, the flow-through were discarded and 700μl Buffer RWT were 
pipetted to the columns followed by centrifugation at 8,000× g for 15 sec. For next step the same 

procedure was applied, adding 500 μl Buffer RPE and discarding the flow-through after the 

centrifugation step. For the last step, where 500 μl of 80% ethanol was added to the columns, the 

centrifugation step was performed for 2 min and then the RNeasy Mini Spin columns were carefully 

removed from the collection tubes and placed in new 2 ml collection tubes. To dry the membrane, 

the columns were centrifuged a full speed for 1 min. Finally, 40 μl of RNase-free water was added 

directly to the centre of the spin column and incubate for 1 min. Sample were centrifuged for 1 min 
at full speed to elute the RNA. To maximise the RNA extraction, a second step was performed by 

adding 30 μl of RNase-free water with longer incubation time (10 min). As recommended by the 

manufacturer, then same procedure as before was applied. Finally, RNA samples were quantitate 

using the Qubit RNA High Sensitivity (HS) RNA kit (ThermoFisher, Cat. #: Q32852) with a Qubit 4.0 

Fluorometer, following manufacturer’s instructions. 

5.3.7.3 cDNA synthesis of extracted RNA 
For cDNA synthesis, 2 μl of sample eluent (< 5 ng/μl of extracted RNA) were required for TaqMan™ 

Advanced miRNA cDNA Synthesis Kit (Applied Biosystems™, Cat: # A28007) as recommended by 

manufacturer’s instructions. Briefly, samples and cDNA synthesis reagents were thawed completely 

in ice and subsequently centrifuged to spin down the contents. Veriti 96-Well Thermal Cycler (Well 

thermocycler; Applied Biosystems™, Cat. #: 4375305) was used for the cDNA synthesis and the 
different steps were describe below.  

5.3.7.3.1 Poly(A) tailing reaction 
Table 5.4 collects the different reagents and volumes of reagents used in this step. Reaction mix 

and the sample were mixed in a 0.2 ml PCR tube (Fisher Scientific, Cat: # 951010006) and spin 
down. The reaction settings and standard cycling for this reaction are collected in Table 5.5. Once 

the reaction was done, the adaptor ligation reaction was immediately performed. 
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Table 5.4. Poly(A) tailing reaction preparation. 
 

 

 

 

 
 
 

 

Table 5.5. Poly(A) tailing reaction settings. 
Step Temperature Time 

Polyadenylation 37ºC 45 min 

Stop reaction 65ºC 10 min 

Hold 4ºC Hold 

 

5.3.7.3.2 Adaptor ligation reaction 
Following poly(A) tailing reaction, 10 μl of the ligation reaction mix (volume and reagents used 

reported in Table 5.6) was added to each sample (final volume 15 μl), following by mixing and spin. 

The reaction settings and standard cycling for this reaction are collected in Table 5.7. Once the 

reaction was done, we proceeded immediately with the reverse transcription (RT) reaction. 
 

Table 5.6. Adaptor ligation reaction preparation. 
Component Volume per sample (μl) 

5X DNA Ligase Buffer 3 

50% PEG 8000 4.5 

25X Ligation Adaptor 0.6 

RNA Ligase 1.5 

RNAse free water 0.4 
Total Ligation Reaction Mix 10 

 

 

Table 5.7. Adaptor ligation reaction settings. 
Step Temperature Time 

Ligation 16ºC 60 min 

Hold 4ºC Hold 

 
 

Component Volume per sample (μl) 
10X Poly(A) buffer 0.5 

ATP 0.5 

Poly(A) Enzyme 0.3 

RNAase-free water 1.7 

Total Poly(A) Reaction Mix Volume 3.0 
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5.3.7.3.3 Reverse transcription (RT) reaction 
After sample processing for ligation reaction, 15 μl RT reaction mix (details collected in Table 5.8) 

was added to each sample (to a final volume of 30 μl), following by mixing and spin down. The 
reaction settings and standard cycling for this reaction are collected in  
 
Table 5.9. Once the reaction was done, we proceeded immediately with the final step. RT reaction 

products were stored at -80ºC. 

 

 

Table 5.8. RT reaction preparation. 
 
 
 
 

 

 

 
 

Table 5.9. RT reaction settings. 
Step Temperature Time 
Reverse transcription 42ºC 15 min 

Stop reaction 85ºC 5 min 

Hold 4ºC Hold 

 

5.3.7.3.4 miR-Amp reaction 
For this step only 5 μl of the final RT product of each sample was required. Hence, reagents for miR-

Amp reactions were prepared and related volume are reported in Table 5.10. Forty-five μl of the miR-

Amp reagent mix was added to each sample (final volume 50 μl), following by mixing and spin down. 

The reaction settings and standard cycling for miR-Amp reaction are collected in Table 5.11. 
Undiluted miR-Amp products were stored at -80°C until the real-time PCR was performed. 

 

Table 5.10. miR-Amp reaction preparation. 
Component Volume per sample (μL) 

2X miR-Amp Master Mix 25 

20X miR-Amp Primer Mix 2.5 

RNAse free water 17.5 

Total RT Reaction Mix volume 45 
 

Component Volume per sample (μl) 
5X RT Buffer 6 

dNTP Mix (25mM each) 1.2 
20X Universal RT Primer 1.5 

10X RT Enzyme Mix 3 
RNAse free water 3.3 

Total RT Reaction Mix volume 15 
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Table 5.11. miR-Amp reaction settings. 
Step Temperature Time Cycles 

Enzyme activation 95ºC 5 min 1 

Denature 95ºC 3 sec 
14 

Anneal/Extend 60ºC 30 sec 

Stop reaction 99ºC 10 min 1 

Hold 4ºC Hold 1 

 

5.3.7.4 miRNA quantification by qPCR 
The sequences of the mature miRNAs of interest were used as forward specific primers obtained 

from TaqMan® Advanced MicroRNA Assay (Applied Biosystem™, Cat. # A25576) (miRNA 

sequences reported in Table 5.12) while a universal primer, provided by the TaqMan™ Fast 

Advanced Master Mix (Applied Biosystem™, Cat. # 4444557), was used as a reverse primer. Five 

μl of cDNA template (1:10 dilution) were used in 20 μl reactions (volumes of each reagent are 

collected in  
Table 5.13). 

 

Table 5.12. qPCR preparation reagents. 
Component Volume per sample (μl) 

TaqMan™ Fast Advanced Master Mix (2X) 10 

TaqMan™ Advanced miRNA Assay (20X) 1 

RNAse free water 4 

Total RT Reaction Mix volume 15 

 

Table 5.13. miRNA sequences used in this chapter. 
miRNAs Mature miRNA Sequence 

hsa-miR-21-5p UAGCUUAUCAGACUGAUGUUGA 

hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGUU 

hsa-miR-210-3p CUGUGCGUGUGACAGCGGCUGA 

hsa-miR-630 AGUAUUCUGUACCAGGGAAGGU 

Cel-miR-39-3p UCACCGGGUGUAAAUCAGCUUG 
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Reactions were done in a MicroAmp™ Fast Optical 96-Well Reaction Plate with Barcode 0.1 ml 

(Applied Biosystems™, Cat: # 4346906). Therefore, 15 μl of PCR master mix was carefully added to 
each well followed by 5 μl of diluted cDNA samples, and plates were sealed using MicroAmp™ 

Optical Adhesive Film (Applied Biosystems™, Cat: # 4311971). qPCR was run using ViiA™ 7 Real-

Time PCR System with 96-Well Block (Applied Biosystems™, Cat: # 4453534) according to the two-

step cycling protocol summarised in Table 5.14.  

Table 5.14. RT-qPCR reaction settings. 
Step Temperature Time Cycles 

Enzyme activation 95ºC 20 sec 1 

Denature 95ºC 1 sec 
40 

Anneal/Extend 60ºC 20 sec 

 

5.3.8 Data analysis and statistical testing 

All statistical analyses were performed using GraphPad Prism version 9.1.9 for macOS (GraphPad 

Software). Regarding cell and EVs characterisation, values for arbitrary units (A.U.), EVs-numbers, 
and EVs-size are given as mean ± SEM (n = 3). Two-tailed paired t-test was applied (p < 0.05 was 

considered as statistically significant). For ELISA assay analysis, E-cadherin, HER2, IL-6 and IL-8 

quantification was performed interpolating the absorbance values to the standard curve run 

alongside the sample. 

For qPCR analysis, synthetic Caenorhabditis elegans miR-39 (cel-miR-39) was used to normalise 

the efficiency of the qPCR amplification and the relative expression of the specific miRNAs was 

evaluated in Log2x, based on the 2-ΔΔCt method. For each biological sample, miRNAs were 

analysed in triplicate and the mean value was obtained. All the data are expressed as mean ± SEM 
(n = 3). Two-tailed paired t-test and p value of less than 0.05 was considered statistically significant. 
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5.4 Results 

5.4.1 Cell characterisation under hypoxic conditions in 2D culture 

Hypoxia is a common characteristic of solid tumours. In response to hypoxia, cancer cells can 

undergo several changes that promote their survival and proliferation. We evaluated different 
parameters in order to establish which changes were happening on the cells under 48 hrs of hypoxic 

conditions before evaluating the EVs’ release. 

Compared to normoxia, both neratinib-sensitive and neratinib-resistant cell line variants showed a 

decrease in cell counts, that could be associated with a decrease of proliferation under hypoxic 

conditions (Figure 5.2). Only EFM192A cells showed a significant decrease on cell viability under 

hypoxic conditions compared to normoxia (98.2% in normoxia vs 96.6% in hypoxia, p = 0.04). 

 

 
Figure 5.2. Cell count and cell viability. 
(Top) Number of viable cells and (Bottom) percentage of cell viability was estimated by trypan blue 

exclusion assay. The number of viable cells was higher in normoxic conditions than their hypoxic 
counterparts in all the cases. Cell viability was always higher than 95% independently of oxygen 

level. Data shown are mean ± SEM (n = 5). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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We evaluated the expression of different markers as well. Firstly, the expression of HIF-1α and eIF4E 

were analysed, to evaluate the adaptation of these cells to the hypoxic conditions. We also evaluated 

the expression of HER2 to investigate the relation between HER2 and hypoxia. Finally, we explore 

the expression of tetraspanins, related with the release of EVs, as well as the expression of b-catenin, 

as it has been report to protect HBL-100 breast cancer cells from hypoxia effects[307]. 

All the six cell line variants showed a significant increase of HIF-1α under hypoxic conditions. 

(Figures 5.3 – 5.5). EFM192A cells showed a decrease of CD63 (1.8-fold, p = 0.012) and CD9 (1.3-

fold, p = 0.03) markers under hypoxic conditions and an insignificant increase in HER2 expression. 

No significant differences were found in b-catenin and eIF4E markers. In contrast, we observed a 

decrease in HER2 (1.67-fold, p = 0.053) expression in EFM192A NR cell variant, as well a significant 

decrease in the levels of eIF4E (2.90-fold, p = 0.021). No significant differences were found in the 

expression of b-catenin or either tetraspanin CD9 and CD63 (Figure 5.3). 
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The expression of b-catenin (1.7-fold, p = 0.016), CD63 (1.3-fold, p =0.048), and CD9 (1.85-fold, p = 

0.0151) were also down-regulated in HCC1954 under hypoxic conditions compared to normoxia 

(Figure 5.4). In contrast, a slight increase of those markers were found under hypoxic conditions in 

the case of HCC1954 NR cell variant. In this last cell line, eIF4E was down-regulated in hypoxic 
conditions (1.6-fold, p =0.023). 
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No significant differences were found in SKBR3 and SKBR3 NR for HER2, b-catenin, CD63, CD9 

nor eIF4E (Figure 5.5). However, in both cases we could appreciate an increase in b-catenin levels 

and a slight decrease in eIF4E expression.  
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A summary of findings obtained for these three cell line pairs cultured under normoxic and hypoxic 

conditions is collected in Table 5.15. 

Table 5.15. Summary of the cell characterisation findings. 

 EFM192A  
EFM192A 

NR HCC1954   
HCC1954 

NR  
SKBR3 SKBR3 

NR 

Cell 
count 

↓1.3-fold 
(ns) 

↓1.4-fold 
(**) 

↓1.5-fold 
(***) 

↓1.5-fold 
(****) 

↓1.3-fold 
(*) 

↓1.2-fold 
(*) 

Cell viability ↓ (*) n.d. n.d. n.d. n.d. n.d. 

HER2 ↑1.8-fold 
(ns) 

↓1.7-fold 
(p = 0.053) n.d. n.d. n.d. n.d. 

HIF-1α ↑24.8-fold 
(**) 

↑3.9-fold 
(**)  

↑15.2-fold 
(***) 

↑3.2-fold 
(*)  

↑10.5-
fold 
(*) 

↑24.4-fold 
(*) 

β-catenin n.d. n.d. ↓1.7-fold 
(*) n.d. ↑1.7-fold 

(ns) 
↑1.3-fold 

(ns) 

CD63 ↓1.8-fold 
(*) n.d. ↓1.3-fold 

(*) 
↑1.2-fold 

(ns) 
↑1.5-fold 

(ns) 
1.5-fold 

(ns) 

CD9 ↓1.3-fold 
(*) n.d. ↓1.8-fold 

(*) 
↑1.4-fold 

(ns) 
↓1.8-fold 

(ns) n.d. 

EIF4E n.d. ↓1.7-fold 
(*) 

↓1.5-fold 
(ns) 

↓1.6-fold 
(*) 

↓1.2-fold 
(ns) 

↓2.2-fold 
(ns) 

Summary of the cell viability and immunoblotting characterisation of the three cell line pairs 

comparing hypoxia and hypoxia. Fold change is calculated as hypoxia/normoxia ratio. n.d. = no 

differences. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

5.4.2 Characterisation of EVs released by HER2+ breast cancer cell 
lines under hypoxic and normoxic conditions 

We subsequently analysed the resultant EVs derived from those cells after 48 hrs incubation in EV-

depleted FBS in normoxic or hypoxic conditions. 

5.4.2.1 Protein quantification present in EVs samples 
The relative amounts of protein (expressed as µg of protein/ml normalise by 106 harvested cells) 

present in each sample was determined by the BCA protein assay (Figure 5.6) in the 120K and 10K 

pellets. These were found to differ significantly between the normoxic and hypoxic isolates of all six 

cell line variants, always being highest in the EVs samples obtained from hypoxic conditions. Mean 

values of protein concentration are collected in Table 5.16. 
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Figure 5.6. Protein content of 120K and 10K EVs isolates was measured by BCA. 
The amount of protein was normalised to millions of cells (n = 3 ± SEM). Paired t-test used to 
calculate significance: *p<0.05, **p<0.01.  
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Table 5.16. Mean values ± of protein amounts for 120K and 10K EVs samples. 

120K 

Cell line Condition µg EVs/106 cells Fold change p value 

EFM192A 
Normoxia 0.25 ± 0.03 

1.4 0.014 (*) 
Hypoxia 0.34 ± 0.07 

EFM192A NR 
Normoxia 0.37 ± 0.05 

1.6 0.014 (*) 
Hypoxia 0.58 ± 0.05 

HCC1954 
Normoxia 0.50 ± 0.03 

1.4 0.007 (**) 
Hypoxia 0.69 ± 0.05 

HCC1954 NR 
Normoxia 0.31 ± 0.04 

1.8 0.003 (**) 
Hypoxia 0.54 ± 0.06 

SKBR3 
Normoxia 0.41 ± 0.12 

1.3 0.015 (*) 
Hypoxia 0.54 ± 0.1 

SKBR3 NR 
Normoxia 0.38 ± 0.13 

1.3 0.027 (*) 
Hypoxia 0.51 ± 0.15 

10K 

Cell line Condition µg EVs/106 cells Fold change p value 

EFM192A 
Normoxia 0.13 ± 0.01 

1.3 0.283 
Hypoxia 0.16 ± 0.03 

EFM192A NR 
Normoxia 0.23 ± 0.03 

n.d. 0.994 
Hypoxia 0.23 ± 0.03 

HCC1954 
Normoxia 0.34 ± 0.02 

1.6 0.005 (**) 
Hypoxia 0.53 ± 0.03 

HCC1954 NR 
Normoxia 0.29 ± 0.08 

1.6 0.002 (**) 
Hypoxia 0.52 ± 0.05 

SKBR3 
Normoxia 0.28 ± 0.02 

2. 0.115 
Hypoxia 0.46 ± 0.07 

SKBR3 NR 
Normoxia 0.34 ± 0.02 

1.5 0.043 (*) 
Hypoxia 0.51 ± 0.06 

Fold change is calculated as hypoxia/normoxia ratio (n=3). *p<0.05, **p<0.01. 

5.4.2.2 Presence of EVs specific markers and HIF-1α varied depending on 
the specific cell context 

In keeping with MISEV2018 guidelines[105], immunoblotting analysis was performed on 120K and 

10K EVs lysates and cellular lysates for the EVs positive markers, CD63, syntenin, and CD9. The 

purity of EVs, was determined by the presence or absence of an “exclusion marker”—endoplasmic 

reticulum protein calnexin—which is cell specific and is expected to be absent in EVs[308] (Figure 
5.7). Regardless of the cell line of origin, Calnexin was not detected with any of the 120K EVs 

samples analysed. However, it was found in the 10K EVs samples. Although the 10K were also 

positive for some EVs markers and calnexin can be associated with some EVs (and may be 

detectable in an EVs preparation), we will focus our attention for some further analysis in the 120K 
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pellets that have the absence of this marker (Densitometric analysis of the 120K immunoblots are 

collected in Appendix IV – Figure IV-2). Although equal amount of protein was loaded on the gels, 

the enrichment of EVs markers in isolates obtained depended on the cell context and oxygen 

condition. CD9 was not detected in 120K pellets for EFM192A and EFM192A NR in both normoxia 

and hypoxia, when its enrichment was decreased significantly in 120K samples obtained from 

hypoxic SKBR3 NR cells compared to their normoxic counterparts. The presence of the tetraspanin 
CD63 was dependent on the cell of origin. For instance, CD63 presence in EFM192A-derived 120K 

samples under hypoxia was increased compared to normoxia, while SKBR3-derived 120K samples 

showed the opposite results. In summary, we obtained inconclusive results regarding the EVs 

markers enrichment depending on normoxic or hypoxic conditions. In the case of syntenin, no 

significant differences were found, with the exception of a significant decrease in its presence in the 

120K samples obtained from hypoxic SKBR3 NR cells compared to their normoxic counterparts. 

 

Figure 5.7. Immunoblots of EVs positive and negative markers present on the samples. 
Enrichment of EVs positive and negative markers in EVs samples and cellular lysates (CL) analysed 

by immunoblotting in normoxic and hypoxic conditions. Ten μg of protein was equally loaded per 

lane and analysed for HIF-1α, Calnexin, CD63, Syntenin and CD9. Immunoblots images for three 
independent experiments. EV1, EV2, and EV3 refers to which replicate belongs each sample. 
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5.4.2.3 Particle size and yield of EVs separated from HER2+ breast cancer 
cells differ based on normoxic and hypoxic conditions 

The average sizes and particle concentration of the 120K EVs isolates separated from CM by dUC 

and analysed by NTA are shown in Figure 5.8. In general terms, the particle size was higher in EVs 
samples obtained from hypoxic conditions when compared with normoxia samples (with the 

exception of HCC1954 NR-derived EVs), but those differences were only significant between 

EFM192A NR EVs isolates (p=0.006).  

 

 
Figure 5.8. EVs’ size measured by NTA. 
Average sizes of the samples estimated by NTA of 120K EVs released under normoxic or hypoxic 
conditions. Error bars represent mean ± SEM (n = 5). Paired t-test used to calculate significance: 

**p<0.01. 

 

Regarding the particle yield determined by NTA in the 120K EVs samples, significantly higher particle 

numbers between 30-150 nm were obtained in EVs isolates obtained from HCC1954 (2.47-fold; p = 

0.029) and HCC1954 NR (1.85-fold, p = 0.032) under hypoxic conditions. No significant differences 

were found between normoxic and hypoxic conditions in the other four cell lines. It is noteworthy, 

however, that as it was found before using other EVs separation methods, the HCC1954 NR cell 
variant seemed to release fewer EVs than their neratinib-sensitive counterparts, in both normoxia 

and hypoxia conditions (3.2-fold in normoxia, p = 0.386; 3.6-fold in hypoxia, p = <0.0001) (Figure 
5.9). The NTA representative size distribution graphs with the mean sizes are provided in the 

Appendix IV (Figure IV-1). The mean size and particle quantities of the EVs samples are detailed 

in Table 5.17. 
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Figure 5.9. Particle numbers measured by NTA. 
Quantification of EVs particle numbers estimated by NTA in HCC1954 and HCC1954 NR cell line 

variants. Particle amounts was significantly lower in the HCC1954 NR-derived isolates compared 

with their neratinib-sensitive counterparts in both normoxic and hypoxic conditions. Error bars 

represent SEM (n = 5). Two-way ANOVA was used to calculate the significance: ***p<0.001, 

****p<0.0001. 

Table 5.17. EVs sizes and quantities as evaluate by NTA. 

Size (nm) 
 Condition Mean ± SEM p value 

EFM192A 
Normoxia 104.12 ± 2.52 

0.460 (ns) 
Hypoxia 106.62 ± 1.27 

EFM192A NR 
Normoxia 100.52 ± 1.91 

0.006 (**) 
Hypoxia 109.22 ± 1.48 

HCC1954 
Normoxia 98.28 ± 3.73 

0.386 (ns) 
Hypoxia 100.42 ± 2.05 

HCC1954 NR 
Normoxia 101.88 ± 2.29 

0.668 (ns) 
Hypoxia 100.34 ± 2.79 

SKBR3 
Normoxia 90.18 ± 2.88 

0.428 (ns) 
Hypoxia 92.58 ± 1.06 

SKBR3 NR 
Normoxia 94.86 ± 3.03 

0.144 (ns) 
Hypoxia 105.56 ± 4.88 

Particle numbers (normalised by 106 cells) 

 Condition Particle numbers 
normalised to 106 cells ± SEM 

Fold 
change p value 

EFM192A 
Normoxia 1.65×1010 ± 5.75×109 

↑1.62 0.194 (ns) 
Hypoxia 2.68×1010 ± 1.18×1010 

EFM192A NR 
Normoxia 7.21×109 ± 9.16×108 

↑1.3 0.125 (ns) 
Hypoxia 9.18×109 ± 3.71×108 

HCC1954 
Normoxia 9.72×109 ± 1.33×109 

↑2.29 0.01(**) 
Hypoxia 2.23×1010 ± 3.18×109 

HCC1954 NR 
Normoxia 5.58×109 ± 3.23×108 

↑1.7 0.012 (*) 
Hypoxia 9.48×109 ±1.16×109 
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SKBR3 
Normoxia 6.61×1010 ± 1.03×1010 

n.d. 0.932 (ns) 
Hypoxia 6.78×1010 ± 1.15×1010 

SKBR3 NR 
Normoxia 5.72×1010 ± 5.17×109 

n.d. 0.433 (ns) 
Hypoxia 6.59×1010 ± 8.39×109 

Particle numbers 30-150 nm (normalised by 106 cells) 

 Condition Particle numbers 
normalised to 106 cells ± SEM 

Fold 
change p value 

EFM192A 
Normoxia 1.32×1010 ± 5.28×109 

↑1.5 0.272 (ns) 
Hypoxia 1.99×1010 ± 8.70×109 

EFM192A NR 
Normoxia 9.51×109 ± 4.90×109 

↑1.8 00.564 (ns) 
Hypoxia 1.73×1010 ± 1.97×1010 

HCC1954 
Normoxia 7.29×109 ± 1.08×109 

↑2.3 0.014 (*) 
Hypoxia 1.66×1010 ± 2.73×109 

HCC1954 NR 
Normoxia 4.3×109 ± 2.39×108 

↑1.9 0.003 (**) 
Hypoxia 7.69×109 ± 6.29×108 

SKBR3 
Normoxia 4.98×1010 ± 7.51×109 

n.d. 0.93 (ns) 
Hypoxia 5.11×1010 ± 8.27×109 

SKBR3 NR 
Normoxia 4.48×1010 ± 5.27×109 

↑1.3 0.718 (ns) 
Hypoxia 4.83×1010 ± 6.61×109 

Comparison of number of particles/106 cells (analysed by NanoSight) from samples collected from 

neratinib-sensitive cell variants and their neratinib-resistant counterparts under hypoxic and 

normoxic conditions. Fold change is calculated as hypoxia/normoxia ratio (*p<0.05, **p<0.01). n.d. 

= no differences; ns = not significant. 

 

5.4.2.4 Characterisation of EVs by TEM 
Representative TEM pictures of EFM192A, EFM192A NR, HCC1954, HCC1954 NR, SKBR3 and 
SKBR3 NR -derived EVs are shown in Figure 5.10. Inspection of EVs revealed their integrity in most 

cases.  
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Figure 5.10. Representative images obtained by TEM. 
EVs isolates enriched by using dUC protocol from three pairs of HER2+ breast cancer cell line 

variants under normoxic and hypoxic conditions. Big pictures represent a zoomed-out view (5000x; 

Scale bar = 500 nm), while the edged pictures depict a zoomed-in view (30000x; Scale bar = 100 

nm) of the same spot. 
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5.4.2.5 Imaging flow cytometry 
NTA can determine the size distribution and offer a rough estimate of the concentration of individual 

nanoparticles in a suspension, but it cannot be used to determine EVs’ phenotype. On the other 

hand, TEM can capture images of particles smaller than 1 nm, but it is a time-consuming process. 

To assess these limitations, IFCM has emerged over the past few years as a technique that can 

effectively discriminate and analyse single EVs[309]. Several research groups have demonstrated 

IFCM's ability to detect submicron particles using fluorescent polystyrene beads or EVs derived from 

cell supernatants[310,311].  

120K and 10K samples from normoxia and hypoxia were analysed by IFCM for CellMask® (plasma 
membrane marker) and HER2 (Figures 5.11 – 5.13). As happened with other characterisation 

methodologies, IFCM displayed different effects of hypoxia in the release of EVs depending on the 

cell line variant. While EFM192A and HCC1954 (p = 0.037) showed a decrease of CellMask+ events 

in hypoxia, EFM192A NR, SKBR3, and SKBR3 NR presented a slightly increase under hypoxia 

condition for those events. No differences were found for the samples obtained from HCC1954 NR 

cells between normoxia and hypoxia. 

Double-positive events for CellMask and HER2 were also analysed. 120K EVs isolates derived under 

hypoxic conditions by EFM192A NR (p=0.037), SKBR3 (p = 0.026), and SKBR3 NR (p = 0.01537) 
exhibited an increase in those double-positive events. However, a significant decrease of double-

positive events was found in the case of HCC1954-derived samples (p = 0.02) under hypoxia. In 

keeping with the obtained results for CellMask+ events in EFM192A and HCC1954 NR, no significant 

differences were found between conditions. 

10K samples displayed an increase for CellMask+ events normalised by millions of cells for EVs 

derived from hypoxic cells compared to their paired-normoxic counterparts, being significant for the 

samples obtained from EFM192A (p = 0.030), HCC1954 (p = 0.037), and from SKBR3 NR (p = 
0.003). Interestingly, EVs samples derived from hypoxic HCC1954 NR cells showed a significant 

decrease for CellMask events (p = 0.029). Regarding the CellMask+/HER2+ population, all the 

samples except for HCC1954 NR EVs isolates showed an increase in CellMask+/HER2+ events 

under hypoxic conditions. However, these differences were only significant in the case of EFM192A 

NR-derived EVs (p = 0.042).  
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Figure 5.11. IFCM analysis of EFM192A-derived EVs. 
Imaging flow cytometry (IFCM) analysis of 120K and 10K EVs samples obtained under normoxic and 

hypoxic conditions from EFM192A and EFM192A NR cell line variants. Data was collected by 

measuring the CellMask plasma membrane signal and HER2 signal separately on the 120K and 10K 

pellet samples obtained from EFM192A cell line variants under normoxic and hypoxic conditions. 

Paired t-test was used as a statistical test. *p<0.05 (n = 3 replicates). 
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Figure 5.12. IFCM analysis of HCC1954-derived EVs. 
Imaging flow cytometry (IFCM) analysis of 120K and 10K EVs samples obtained under normoxic and 

hypoxic conditions from HCC1954 and HCC1954 NR cell lines. Data was collected by measuring the 

CellMask plasma membrane signal and HER2 signal separately on the 120K and 10K pellet samples 
obtained from HCC1954 cell line variants under normoxic and hypoxic conditions. Paired t-test was 

used as a statistical test. *p<0.05 (n = 3 replicates). 
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Figure 5.13. IFCM analysis of SKBR3-derived EVs. 
Imaging flow cytometry (IFCM) analysis of 120K and 10K EVs samples obtained under normoxic and 

hypoxic conditions from SKBR3 and SKBR3 NR cell lines. Data was collected by measuring the 

CellMask plasma membrane signal and HER2 signal separately on the 120K and 10K pellet samples 
obtained from SKBR3 cell line variants under normoxic and hypoxic conditions. Paired t-test was 

used as a statistical test. *p<0.05, **p<0.01 (n = 3 replicates). 
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5.4.3 Investigating the EVs surface/cargo under hypoxic conditions 

Different genes could be differentially expressed in response to low oxygen levels, or hypoxia. 

Hypoxia gene signatures have been identified in various cell types and tissues, including cancer cells 
and normal cells, and are typically used to assess the degree of hypoxia in each sample or to classify 

patients based on their hypoxic status[312,313].  

In keeping with this, recent studies showed that the loss of E-cadherin, a cell adhesion molecule that 

plays an important role in cell-cell adhesion and maintaining tissue integrity, is associated with 

increased invasiveness and metastasis[314–316]. Hypoxia, or low oxygen levels, is known to promote 

EMT and the loss of E-cadherin in cancer cells, which contributes to their increased invasiveness 

and resistance to therapy[288,317]. We evaluated the expression of E-cadherin after exposing neratinib-
sensitive and neratinib-resistant cell lines to 48 hrs hypoxia conditions as well as the presence of E-

cadherin in the surface of the EVs released by those cells by ELISA (Figure 5.14A). Only significant 

differences were found on the cell lysate samples in SKBR3 cell variants. While SKBR3 showed a 

decreased of E-cadherin expression (1.60-fold, p = 0.036) after 48 hrs hypoxic conditions, SKBR3 

NR showed an increase under this condition, being significantly higher the E-cadherin expression in 

NR cell variants than their counterparts in hypoxia (p = 0.012). Moreover, EVs released by all the cell 

line variants under hypoxic conditions, showed a higher presence of E-cadherin in their surface 

(Figure 5.14B). These differences were significant in both EFM192A neratinib-sensitive and 
neratinib-resistant cell variants, (p = 0.001 and p = 0.0004, respectively) and HCC1954 (p = 0.002) 

when compared with normoxic conditions. Noticeably, the levels of E-cadherin on EVs released 

under hypoxia were lower in HCC1954 NR-derived EVs compared to HCC1954-derived EVs (p = 

0.0004). 
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Figure 5.14. E-cadherin ELISA analysis. 
Effect of hypoxia on (A) E-cadherin production and (B) its presence on 120K EVs isolates obtained 

by differential ultracentrifugation. Data are represented as mean ± SEM (n = 3). Paired t-test used to 

calculate significance between hypoxia and normoxia control (*p<0.05, **p<0.01, ***p<0.001), while 

2-way ANOVA was used to calculate significance between neratinib-resistant and neratinib-sensitive 

control (#p<0.05, ###p<0.001). 
 

On the other hand, we also evaluated the presence of pro-inflammatory cytokines (IL-6 and IL-8) in 

EVs released by those cells, as well as their expression in the cells of origin by ELISA. IL-6 is a pro-

inflammatory cytokine that is involved in the regulation of immune responses, haematopoiesis, and 

cell proliferation while IL-8 is involved in the recruitment of neutrophils and other immune cells to 

sites of inflammation and cancer. It has been shown that both IL-6 and IL-8 are up-regulated in 

various types of cancer, including breast cancer, and they are associated with poor prognosis[318,319]. 
In addition, hypoxia has been shown to increase IL-6 and IL-8 expression through the activation of 

HIF-1α[320,321]. 

 
IL-6 was found to be up-regulated under hypoxic conditions in al the six cell lines, being significant 

in the case of EFM192A (p <0.0001), EFM192A NR (p = 0.0007), SKBR3 (p <0.0001), and SKBR3 

NR (p = 0.0005) (Figure 5.15). No significant difference in the levels of IL-6 were found in the whole 

cell lysate from HCC1954 and HCC1954 NR. However, the increase in the presence of IL-6 on the 

EVs derived under hypoxia was significant in all samples, independently to the cell of origin. 
Noteworthy to mention that the levels of IL-6 on those EVs released by neratinib-sensitive cell lines 

seemed to be higher than the ones released by NR cell variants in both normoxia and hypoxia 

conditions, being those differences significant between EVs derived from hypoxic HCC1954 and 

HCC1954 NR cell variants (p = 0.004).  
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Figure 5.15. IL-6 ELISA analysis. 
Effect of hypoxia on (A) cytokine IL-6 production and (B) its presence in EVs samples. Data are 

represented as mean ± SEM (n = 3). Paired t-test used to calculate significance between hypoxia 
and normoxia control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001), while 2-way ANOVA was used 

to calculate significance between neratinib-resistant and neratinib-sensitive control (#p<0.05). 

 

IL-8 was only detected in HCC1954 and HCC1954 NR samples (Figure 5.16). Although no 

differences were observed between normoxia and hypoxia in both cell lines, we appreciated a 

significant reduction in IL-8 expression in HCC1954 NR compared to HCC1954. Interestingly, the 

levels of IL-8 in both HCC1954 and HCC1954 NR-derived EVs were similar. 

 

 
Figure 5.16. IL-8 ELISA analysis. 
Effect of hypoxia on (Left) cytokine IL-8 production and (Right) its presence in EVs samples. IL-8 

was not found in samples from EFM192A and SKBR3 cell variants. Data are represented as mean 

± SEM (n = 3). 
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Finally, we investigated the presence of HER2 on the surface on those EVs and the harvested cells 

by ELISA, to investigate if they are representative of the HER2 status of their cells of origin and to 

shed a light on the HER2 pathway under hypoxic conditions and its relevance in neratinib-resistance. 

Although no significant differences were found in the level of HER2 between normoxia and hypoxia 

conditions on the cells, the presence of HER2 was higher on the surface of EVs released under 

hypoxia, being significant on those released by hypoxic EFM192A NR (p = 0.005), HCC1954 (p = 
0.003), and HCC1954 NR (p = 0.0003) cells (Figure 5.17). In the case of EFM192A-derived EVs, 

this increase presence of HER2 under hypoxia was substantial (p = 0.058). We demonstrate here 

that under hypoxic conditions, EVs contained in their surface more HER2 receptor that those release 

under normal levels of oxygen.  

 

 
Figure 5.17. HER2 ELISA analysis. 
Effect of hypoxia on (A) HER2 expression and (B) its presence on EVs samples. Data are 

represented as mean ± SEM (n = 3). Paired t-test used to calculate significance between hypoxia 
and normoxia control: *p<0.05, **p<0.01, ***p<0.001. 

5.4.4 Evaluating the miR-content of EVs 

As explained in Section 5.1, miRNAs are a class of small non-coding RNAs that play important roles 

in gene regulation. Dysregulation of miRNA expression has been implicated in the development and 
progression of various types of cancer. It has been demonstrated that hypoxia can induce changes 

in the expression of miRNAs, which can in turn impact the expression of target genes involved in 

cancer progression, such as angiogenesis, cell proliferation, and apoptosis[300]. 

The transfer of miRNAs via EVs represents a potential mechanism for cancer cells to modulate the 

behaviour of other cells in the TME and may represent a novel target for cancer therapy. By disrupting 

EVs-mediated transfer of miRNAs, it may be possible to inhibit the spread of pro-tumorigenic signals 

in the TME and limit cancer progression. 
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We investigated here the hypoxia-regulated miRNAs content of EVs released by the different 

neratinib-sensitive and neratinib-resistant cell lines to find any connection between resistance to 

neratinib and a higher expression of those miRNAs. 

Pellets were directly lysed following the methodology explained previously in Section 5.3.7.2. 

Although no significant differences were found in the content of RNA between normoxia and hypoxia 

conditions, EVs from HCC1954, and SKBR3 NR seemed to have a higher RNA concentration than 
EFM192A-EVs in normoxic conditions. Under low levels of oxygen, EVs obtained from HCC1954, 

HCC1954 NR, SKBR3 and SKBR3 NR presented a higher RNA content than EFM192A and 

EFM192A NR. RNA yields (ng/μl normalised to million cells) and RNA purities (A260/A230; 

A260/280) for each sample are collected in the Appendix IV (Table IV-1 and Figure IV-3). 

The four mentioned miRNAs were chosen based on literature review for RT-qPCR analysis, along 

with one exogenous normalizer miRNAs (cel-miR-39) (Figure 5.18). All four miRNAs were detected 

by RT-qPCR in samples obtained from EFM192A, EFM192A NR, SKBR3 and SKBR3 NR. However, 

no amplification was detected for miR-630 for both HCC1954 and HCC1954 NR EVs samples and 
their respective cell controls. In EFM192A, EFM192A, SKBR3 and SKBR3 NR-derived EVs, miR-

630 was found to be decreased in hypoxic condition with a 1.27-fold (p = 0.086), 1.95-fold (p = 0.072), 

2.31-fold (p = 0.036) and 1.90-fold (p = 0.036) lower in EVs released under hypoxia, respectively. 

Interestingly, no significant differences were observed for miR-155-5p except for the HCC1954 NR-

derived EVs, with a 3.3-fold (p = 0.037) higher in hypoxia. Higher or lower presence of miR-155-5p 

in hypoxia was dependent on the cell line, decreasing its presence exclusively on the EVs derived 

from hypoxic HCC1954 cells. 
 

The most relevant was miR-210-3p, with a 10.4-fold (p = 0.003) and 8-fold (p = 0.036) higher in EVs 

derived from hypoxic SKBR3 and SKBR3 NR cells, respectively. EVs derived from hypoxic HCC1954 

and HCC1954 NR showed a similar trend, with an increase of 3.3-fold (p = 0.03) and 4.3-fold (p = 

0.002) compared to those released under normoxia conditions, respectively. Although its presence 

in EVs derived from hypoxic EFM192A cells was higher (7.614-fold), it was not significant due to 

variability between biological samples. Remarkably, miR-21 was found to be significant decreased 

in EVs derived exclusively from hypoxic HCC1954 (2.26-fold; p = 0.015) and EFM192A NR cells 
(1.25-fold; p = 0.124), while its relative expression was higher in EVs derived from hypoxic EFM192A 

(p = 0.924), HCC1954 NR (2.17-fold; p = 0.347), SKBR3 (2.86-fold; p = 0.012), and SKBR3 NR cells 

(1.7-fold; p = 0.462). Noticeably, the RT-qPCR results showed considerable biological variability 

between samples for the different hsa-miRNAs evaluated here. This variability is clear from the high 

standard error (SE) in many of the miRNAs examined via RT-qPCR. 
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Figure 5.18. miRNA cargo levels in the EVs isolates. 
Micro-RNA (miRNA) cargo levels of four miRNAs on EVs derived from different six cell line variants 

under normoxic and hypoxic conditions. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n.d.= not 

detected. 

5.4.5 Summary of findings  

Table 5.18 brings together the main observations in the EVs characterisation and analysis of its 

cargo under normoxic and hypoxic conditions. 
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Table 5.18. List of main observations from the EVs characterisation and the analysis of EVs’ 
cargo. 

120K 

Assay EFM192A EFM192A 

NR 

HCC1954 HCC1954 

NR 

SKBR3 SKBR3 NR 

Protein amount ↑ (*) ↑ (*) ↑ (**) ↑ (**) ↑ (*) ↑ (*) 

EVs markers 
(Immunoblots) 

n.d. n.d. n.d. n.d. ↓CD9 (*) ↓Syntenin (*) 

NTA: Particle size n.d. ↑ (**) n.d. n.d. n.d. n.d. 

NTA: Particle 
number 

↑ (ns) ↑ (ns) ↑ (**) ↑ (*) n.d. n.d. 

NTA: Particle 
number 

(30-150 nm) 

↑ (ns) ↑ (ns) ↑ (*) ↑ (**) n.d. ↑ (ns) 

IFCM (CellMask+) ↓ (ns) ↑ (ns) ↓ (*) n.d. n.d. ↑ (ns) 

IFCM (CellMask+/ 
HER2+) 

n.d. ↑ (*) ↓ (*) n.d. ↑ (*) ↑ (*) 

E-cadherin ↑ (**) ↑ (***) ↑ (**) n.d. ↑ (ns) ↑ (ns) 

IL-6 ↑ (*) ↑ (**) ↑ (**) ↑ (*) ↑ (***) ↑(***) 

IL-8 ND ND n.d. n.d. ND ND 

HER2 ↑ (ns) ↑ (**) ↑ (**) ↑ (***) ↑ (ns) ↑ (ns) 

miR-21 ↓ (ns) ↑ (*) ↓ (*) ↑ (*) ↑ (*) ↑ (ns) 

miR-155 ↑ (ns) n.d. ↓ (ns) ↑ (*) ↑ (ns) ↑ (ns) 

miR-210 ↑ (ns) n.d. ↑ (**) ↑ (****) ↑ (**) ↑ (***) 

miR-630 ↓ (ns) ↓ (ns) ND ND ↓ (*) ↓ (*) 

10K 
Assay EFM192A EFM192A 

NR 

HCC1954 HCC19

54 NR 

SKBR3 SKBR3 NR 

Protein  
amount 

↑ (ns) n.d. ↑ (**) ↑ (**) ↑(ns) ↑ (*) 

EVs markers 
(Immunoblots) 

n.d. n.d. n.d. n.d. n.d. ↑CD63 (*) 

IFCM (CellMask+) ↑ (*) ↑ (ns) ↑ (*) ↓ (*) n.d. ↑ (**) 

IFCM (CellMask+/ 
HER2+) 

↑ (ns) ↑ (*) n.d. ↓ (ns) ↑ (ns) ↑ (ns) 

Arrows refers to the increase (↑) or decrease (↓) under hypoxia compared with normoxia for the 

different parameters. No differences (n.d.) was defined as a fold-change (hypoxia vs. normoxia) ~1; 

ns= not significant; ND= not detected; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  



 

 
148 

5.5 Discussion 

Hypoxia is a common feature of solid tumours that has been associated with tumour progression, 

invasion, metastasis, and resistance to therapy. EVs have been shown to be involved in the 

adaptation of cancer cells to hypoxic conditions. In addition, EVs released by hypoxic cancer cells 

can transfer HIFs to recipient cells, which can activate genes involved in angiogenesis and cell 

survival. The study of EVs under hypoxic conditions is an active area of cancer research, and 

understanding their role in tumour progression and metastasis could lead to the development of new 
therapeutic strategies. In this context, our aim was to characterise firstly, three neratinib-sensitive 

cell lines and their three counterparts under hypoxic conditions, and secondly, the EVs isolates 

derived from these cells.  

 

 It is “established” that the EVs’ release is increased under hypoxic conditions. However, prior to our 

experiments, we performed literature research to clarify this affirmation. We investigated EV-TRACK 

knowledgebase (evtrack.org)[208], an online toolset that combines seven features to guide 

researchers in using the EV-METRIC for reporting experimental parameters and centralising data on 
EVs characteristics and methods. The EV-METRIC is a percentage reflecting the transparency of 

reporting experimental parameters, with nine essential components. Researchers can improve their 

transparency by obtaining the EV-METRIC prior to peer review, and journal editors and reviewers 

can access the corresponding EV-TRACK data entry. EV-TRACK allows upload of experimental 

parameters of already published experiments and querying of publications for specific experimental 

parameters not easily searchable in biomedical literature databases. We used the keyword “hypoxia” 

and we selected only those experiments done in human samples. We found 134 entries associated 
with 46 publications, but only one of those reached the 78% of EV-METRIC, two presented 67% and 

four obtained a score higher that 50%. Investigating the top three papers we found that only one is 

related with cancer. The work performed by Samoylenko et al. (2021) showed an increase in the 

EVs’ release by renal cell carcinoma (RCC) under hypoxic conditions, but it was dependent on the 

EVs separation method[322]. Noticeably, hypoxia induced the production of EVs by human renal 

adenocarcinoma-derived 786-O cells less than compared to mouse renal adenocarcinoma-derived 

Renca cells. However, these results were estimated without the normalisation by millions of cells, or 

at least it was not specified. Here, we investigated the release of EVs under hypoxic conditions in 
three HER2+ breast cancer cells sensitive to neratinib and their respective neratinib-resistant 

counterparts. We observed a significant decrease in cell count under hypoxic conditions. It is 

important to have this into consideration to normalise the EVs released by the number of secreting 

cells. We also characterised our cells for different markers, including HER2, HIF-1α, β-catenin, CD63, 

CD9 and eIF4E. As expected, HIF-1α was up-regulated under hypoxic conditions in all six cell lines. 

When we analyse HER2 expression by immunoblotting, we did not find any significant results, being 

up- or down-regulated depending on the cell line. When we analysed the expression of the 

tetraspanins CD63 and CD9, we found a decrease on CD63 expression in EFM192A (p = 0.012), 
HCC1954 (p = 0.048), and SKBR3 NR (p = 0.067). However, only SKBR3 NR-derived EVs showed 

a decrease in CD63 as their cells of origin. In the case of CD9, significant decrease was found in 



 

 
149 

EFM192A (p = 0.019) and HCC1954 (p = 0.016) cell lines. Interestingly, the presence of CD9 in 

EFM192A and HCC1954-derived isolates was not affected by this reduction either. It was also found 

that in both EFM192A NR and HCC1954 NR, EIF4E was down-regulated under hypoxic conditions. 

β-catenin and eIF4E were found to be as well dependent on the cell context. β-catenin was up-

regulated in hypoxic SKBR3 and SKBR3 NR cells while it was significant down-regulated in 

HCC1954 cell line (p = 0.016). Wnt/ β-catenin pathway has been implicated in the development of 
pathological events including cancer. In this perspective, β-catenin is involved in cancer proliferation, 

metastasis, and drug resistance among others[323]. On the other side, eIF4E participates in the 

general stress response and it is involved in cap-dependent mRNA translation for protein 

synthesis[324], that it is usually down-regulated by hypoxia affecting cell proliferation and migration.  

 

We collected the EVs isolates derived from the six different cell lines after 48 hrs under hypoxic 

conditions. When we analysed the protein concentration of those isolates, the results supported the 

main hypotheses about the increase of EVs released under hypoxic conditions mentioned above. 
We found a significantly increased protein concentration measured by BCA on 120K EVs isolates 

derived from hypoxic condition in all six conditions compared to normoxia. Most of the published 

papers that mentioned this increase used this type of measure. However, this measure is not totally 

accurate, as might be methodology-dependent. It is very important to include different 

characterisation methods to determine the EVs concentration and nature of the samples. We also 

characterised partly the 10K isolates, finding similar results as the mentioned for 120K. However, we 

found a high amount of calnexin by immunoblotting. Calnexin is considered a negative EVs marker, 
as is not enriched usually in small EVs. Thus, 10K EVs samples were not further analysed as done 

with 120K EVs samples. 

 

We also evaluated the presence of HIF-1 α by immunoblotting in both 10K and 120K EVs isolates. 

HIF-1α was not detected on our EVs samples, although, as indicate above, it has been shown that 

EVs can transfer HIFs to recipient cells. Other HIFs (HIF-2α and HIF-3α) must be investigated, as 

well as include different methodologies to study the presence of HIFs on the EVs. Regarding EVs 

markers analysed by immunoblotting in 120K EVs isolates, no significant differences were found 
between normoxia and hypoxia in most of the cases. The most noticeable was a down-regulation of 

CD63 on EVs derived from SKBR3 NR hypoxic cells discussed above. The increase of protein 

concentration observed is not correlated with a higher presence of those EVs markers in hypoxic 

conditions. Syntenin is considered a marker enriched in sEVs, CD9 is enriched in lEVs and mEVs 

and CD63 in the three different populations. As there are other different EVs markers that were not 

analysed in this chapter, we could hypothesise that a different EVs population is being released 

under hypoxic conditions. NTA results followed the same trend, with no significant results except for 

HCC1954 and HCC1954 NR-derived isolates, that presented a significant increase in particle 
number under hypoxic conditions (p = 0.097 and p = 0.012, respectively). It is important to mention 

that although not significant, EFM192A NR-derived isolates showed a decrease in particle number 

in the case of hypoxia. The average sizes were similar in all the samples, with a significant increase 
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in the EVs derived from hypoxic EFM192A NR cells when compared with normoxia (109.2 nm vs 

100.5 nm, p = 0.006). TEM analysis showed a range of particle sizes in both conditions.  

 

We also characterised the EVs by IFCM using CellMask and HER2 staining. We found discrepancies 

with the results obtained by other methodologies. For instance, we found a significant increase in 

protein concentration and particle numbers by NTA in the case of HCC1954 120K pellets, while we 
found a significant decrease in CellMask+ events for the same samples (p = 0.037). When 10K 

isolates were analysed, it was found an increase under hypoxic conditions in EFM192A (p = 0.030), 

EFM192A NR (p = 0.077), HCC1954 (p = 0.037), and SKBR3 NR (p = 0.003) while CellMask+ events 

were decreased in HCC1954 NR-derived EVs by hypoxia (p = 0.03). The presence of double positive 

events for CellMask and HER2 was cell line-dependent in both 10K and 120K pellets. While hypoxia 

increased the occurrence of CellMask+/HER2+ events in 120K samples derived from EFM192A NR 

(p = 0.037), SKBR3 (p = 0.026) and SKBR3 NR (p = 0.015), the opposite tendency was found in 

HCC1954-derived isolates (p = 0.002). Interestingly, same tendency as observed in 120K isolates 
was spotted in 10K isolates, with a significant increase under hypoxia in EFM192A NR-derived EVs 

(p = 0.042). All these results give a partial picture of how necessary is to include different 

characterisation methodologies to assess the effect of hypoxia in EVs’ release. As per our 

knowledge, we are the first investigating the EVs’ release under hypoxic conditions in HER2+ 

neratinib resistant cell lines and their sensitive counterparts. Most of the results obtained here give 

us the idea that hypoxia is altering the EVs’ release in a cell-dependent way, although the trend 

would be to increase the EVs release.  
 

Moving on to the EVs cargo, we evaluated the presence of different proteins and miRNAs that are 

known to be part of the hypoxic response in cancer. Firstly, we evaluated the expression of E-

cadherin in the cells, as well as its presence on the EVs released by those cells. It is known that 

hypoxia promotes EMT and the loss of E-cadherin in cancer cells, contributing to invasion and drug 

resistance. After 48 hrs under hypoxic conditions, E-cadherin was only decreased in hypoxic SKBR3 

cells (p = 0.012). SKBR3 NR cells showed a lower E-cadherin expression than their neratinib-

sensitive counterparts. However, under hypoxic conditions, the expression of this protein increased. 
It is also noticeable that E-cadherin expression was significant higher in NR cell variants than their 

counterparts in hypoxia (p = 0.012). SKBR3 cell variants are E-cadherin-defective, with levels of E-

cadherin not detectable by immunoblotting. Hypoxia conditions make those cells even more deficient 

of E-cadherin, connected with tumour progression and metastasis. Surprisingly, when we analysed 

the non-lysed EVs samples, we found an increase of E-cadherin on the membrane of the EVs derived 

under hypoxia in all cases, being this rise significant in EFM192A (p = 0.001), EFM192A NR (p = 

0.0004), and HCC1954 (p = 0.002). When we found similar levels of E-cadherin between EFM192A 

and EFM192A NR-derived EVs under hypoxia, we observed a significant decrease of E-cadherin 
presence on HCC1954 NR-derived EVs compared to HCC1954-derived EVs under hypoxia (p = 

0.0004). There are different intracellular trafficking pathways to regulate the functions of E-cadherin, 

including exocytic and multiple endocytic pathways[325]. When intercellular adhesion is disrupted by 

the depletion of extracellular Ca2+ ions, E-cadherin is endocytosed into endosomal vesicles. 
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Researchers have observed that some of the E-cadherin molecules that are actively taken up by the 

cell are recycled back to the basolateral plasma membrane[326]. Additionally, Lock and Stow's study 

showed that both newly synthesised E-cadherin and the endocytosed E-cadherin pass through 

Rab11-positive recycling endosomes before they can reach the plasma membrane[327]. While the 

primary functions of E-cadherin occur at the plasma membrane of epithelial cells, there is increasing 

evidence that extracellular E-cadherin is present in human body fluids. This can occur through the 
shedding of E-cadherin from the plasma membrane via proteolytic cleavage, producing soluble E-

cadherin[328], or through the recruitment of E-cadherin to the membrane of exosomes[329]. Recently, 

Tang et al. (2018)[330] demonstrated that EVs exhibiting E-cadherin can promote angiogenesis in vitro 

and in vivo by triggering a communication between the nuclear factor-κB (NFκB) and β-catenin 

signalling pathways. As a result, the formation of new blood vessels leads to the advancement and 

spreading of ovarian cancer. Nevertheless, the specific cellular constituents that play a role in 

bringing E-cadherin into EVs are still unknown[331]. Here, we found that hypoxic conditions are 

increasing the E-cadherin presence on the EVs’ surface, which might affect breast cancer 
invasiveness. 

 

Then, we evaluated the expression of IL-6 on those cells. IL-6, a key player in the inflammatory 

response, is a major contributor to the development of cancer. When cancer cells are exposed to IL-

6 or secrete it as an autocrine factor, they display malignant characteristics, including intensified 

ability to infiltrate the ECM and enhanced resistance to drugs[332]. After 48 hrs hypoxic conditions, we 

found an increase of IL-6 in all six cell lines, being significant in EFM192A (p<0.0001), EFM192A NR 
(p = 0.0007), SKBR3 (p<0.0001) and SKBR3 NR (p = 0.0005). Remarkably, when comparing 

neratinib-sensitive and neratinib-resistant cells under hypoxia, we observed that neratinib-resistant 

cell lines revealed a lower expression of IL-6 than their neratinib-sensitive counterparts, being this 

difference significant for EFM192A cell variants (p = 0.0108). We observed the same trend on the 

EVs lysates obtained from those cells, being significant this increment in all six cases. Differences 

between hypoxic HCC1954 and HCC1954 NR-derived EVs were also significant (p = 0.04), being 

lower in neratinib resistant-derived isolates.  

 
EVs are not only capable to deliver cytokines to distant target cells but also can improve the 

production of interleukins under cytotoxic stress conditions, facilitating tumour progression, and 

protect them from degradation by encapsulation[333,334]. The liberation of cytokines, whether in the 

form of EVs or freely circulating molecules, may signify an adjustment to specific physiological 

requirements. This is particularly relevant to determine whether these cytokines are required to 

function near the producing cell or at a distance. 

In keeping with this, we also analysed the expression of IL-8, a CXC chemokine that induces 

angiogenesis, migration, cell proliferation and invasion. Its expression by tumour cells can influence 
their metastatic capacities. IL-8 was only detected in HCC1954 cell variants and their EVs. No 

significant differences were found between hypoxic and normoxic conditions. However, lower levels 

of IL-8 were found in HCC1954 NR samples. Nevertheless, it must be taken into account that the 
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non-detection of this interleukin on the surface of the EVs does not necessarily imply its absence as 

EVs’ cargo. 

 

We also analysed by ELISA the presence of HER2 on the EVs surface as well as the cell lysates of 

the cells of origin. No significant differences were found on cell lysates between normoxia and 

hypoxia. However, the trend was similar in all six cell lines, by reducing the HER2 expression under 
hypoxia. While it is known that HER2 can activate HIF-1α[175,335], there is limited evidence to suggest 

that HIF-1α can directly down-regulate HER2 expression[336]. According to a study conducted on 

clinical samples of breast cancer, it was found that HIF-2α levels were notably higher in samples that 

overexpressed HER2 receptors. This implies that the regulation of HIF-2α, rather than HIF-1α, may 

be influenced by HER2[337]. When we analysed the surface of the EVs derived from those cells, we 

found an increase of HER2 presence on the EVs derived under hypoxia compared with their 

normoxic counterparts. This increase on HER2-EVs surface may be related with HER2 trafficking. 

Research performed by Chandran et al. (2020) found that hypoxia can reduce the effectiveness of 
the breast cancer drug trastuzumab (Herceptin) by decreasing its uptake into cancer cells. They also 

found that hypoxia reduced the expression of HER2 on the surface of cancer cells, as well as the 

expression of P-glycoprotein and phosphorylated CAV-1 expression, which are associated with 

reduced trastuzumab uptake and HER2 signalling in breast cancer cells[338]. Other previous studies 

have demonstrated that CAV1 is involved in regulating downstream signalling of members of the 

HER family, as well as interfering with the activity of antibodies or ADCs targeting this family[339–343]. 

Pereira et al. (2018) observed in their study a direct impact of the inverse correlation between CAV1 
and HER2 cellular expression on the stability and localisation of HER2 on the cell membrane, in 

consistency with previous reports that have shown CAV1's interaction with EGFR signalling[344]. In 

addition, HER2 localisation on the cell membrane is a dynamic process involving endocytosis, 

cytoplasmic recycling, and de novo synthesis. Additionally, HER2 membrane localisation can be 

heterogeneous within tumours. These findings suggest that hypoxia may contribute to the 

development of resistance to anti-HER2 therapies, and that strategies to overcome hypoxia in 

tumours may improve treatment outcomes. 

 
Finally, we also investigated the presence of some hypoxia-related miRNAs on the EVs derived from 

these six HER2+ cell lines. It has been demonstrated previously that miRNAs miR-21, miR-210 and 

miR-155 are up-regulated under hypoxic conditions[345]. We also investigated the presence of miR-

630 on those EVs as previously work performed in our group found that miR-630 down-regulation is 

involved with HER2-targeting drugs resistance through insulin like growth factor 1 (IGFR1) 

regulation[256]. Surprisingly, miR-21 was significantly down-regulated in EFM192A NR and HCC1954-

derived EVs in hypoxia (p = 0.034 and p = 0.015, respectively), as well as EFM192A-derived EVs. 

HCC1954 NR, SKBR3 (p = 0.012), and SKBR3 NR-derived EVs showed an increase on miR-21 
levels under hypoxic conditions. In contrast, miR-210, considered the master hypoxic-miRNA 

regulator, was up-regulated in all hypoxic EVs, apart from EFM192A NR-derived EVs. On the other 

hand, miR-155 was up-regulated in EFM192A, HCC1954 NR (p = 0.0375), SKBR3 and SKBR3, while 

it was found to be down-regulated in HCC1954-derived EVs. We also found that miR-630 was 
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reduced in hypoxic EVs derived by EFM192A, EFM192A NR, SKBR3 (p = 0.036), SKBR3 NR (p = 

0.036) cells. Currently, there are some important limitations in general EVs miRNA research. For 

example, the different EVs separation methods, that can impact directly on downstream RNA 

profile[346,347]. Another important limitation is the lack of standardised normalisation strategies. Most 

studies employed endogenous reference gene sequences to standardise the abundance of miRNA 

and eliminate discrepancies arising from sample input or experimental variables. The key 
characteristic of an endogenous reference sequence is its consistent presence across the 

investigated conditions (including controls and cases unaffected by cancer grade or stage) to ensure 

precise abundance profiles. However, selecting appropriate references for miRNA studies continues 

to be challenging, with no consensus on the most appropriate miRNA controls in EVs. The specific 

encapsulation of miRNA into EVs implies that miRNA reference sequences commonly used for cell 

lines or tumour tissue cannot be presumed to be appropriate for use in EVs studies. Prior to 

application, within-sample validation is necessary[286]. For example, small nuclear RNA U6 (snU6) is 

broadly used as a miRNA reference sequence. However, we investigated the presence of U6 in our 
samples without success. A discussion is ongoing within the field concerning its presence in EVs 

samples, and other researchers before us declared snU6 as a not suitable endogenous control for 

miRNA’s quantification[348]. Here, we use an alternative strategy, the use of exogenous spike-in. 

Spike-ins are non-human sequences that provide normalisation of technical factors. However, spike-

ins are not taking in consideration pathological differences in starting miRNA concentration. The 

absence of standardised methods for quantifying miRNA abundance in EVs impacts reproducibility. 

To facilitate the clinical use of EVs miRNA biomarkers, quality normalisation techniques will be 
necessary. Establishing these methods during preclinical phases of research will enhance 

reproducibility and enable their application in clinical populations. The selection of a suitable 

normalisation approach is crucial, as the chosen methodology can influence the outcomes 

obtained[346]. 
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5.6 Conclusions 

In this Chapter, we demonstrated that EVs’ release under hypoxic conditions is a cell-dependent 

process as well as the effect on their cargo. We found an increase of E-cadherin, IL-6, IL-8, and 

HER2 EVs derived from hypoxic HER2+ cancer cells that could lead to tumour progression, tumour 

aggressiveness, and anti-HER2 drug resistance. We also found different miRNA populations 

enriched on those EVs, with some methodology limitations. This points out a new possible approach 

for the evaluation of EVs-miRNAs. Understanding the role of EVs in hypoxic TME is critical for the 
development of effective cancer therapies. 
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Chapter 6  

Evaluating the efficiency of an in vitro 3D cell 
culture model for EVs separation and the effect 
of hypoxic conditions on EVs’ release under 3D 
culture conditions 
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Abstract 

3D cell culture models offer a physiologically relevant environment for studying EVs in various 
diseases and physiological processes compared to traditional 2D cell culture systems. However, 

there are several challenges associated with establishing 3D cultures for EVs collection and 

characterisation. This study aims to address these challenges by investigating the suitability of 

different methodologies for spheroid formation and EVs isolation, focusing on HER2+ breast cancer 

cell lines and their neratinib-resistant counterparts. The selection of an appropriate 3D culture model, 

cell count determination at the collection time, and maintaining cell viability are critical factors in EVs 

isolation from 3D cultures. The heterogeneity of the EVs population poses additional challenges for 

isolation and characterisation, requiring careful consideration of EVs' isolation methods. Lack of 
standardisation in 3D cell culture techniques further complicates EVs isolation and characterisation. 

 

To address these challenges, we evaluated the suitability of two different approaches for spheroid 

formation and EVs isolation. Ultimately, the 6-well Elplasia® plates were selected due to their ability 

to form rounded spheroids and accommodate larger sample volumes. However, spheroid 

disaggregation and cell count determination remained a major obstacle due to the lack of previous 

experience in 3D cell culture. Consequently, EVs counts were normalised to the protein content of 
the corresponding cell lysates obtained at the collection time to ensure reliable results. 

 

Our findings revealed that hypoxic conditions led to reduced spheroid diameter and volume, 

accompanied by lower HER2 expression in most cell line variants. Hypoxia also resulted in 

anomalous expression of HIF-1α and down-regulation of β-catenin, which may impact various 

cellular processes, including proliferation and metastasis. Furthermore, EVs derived from 3D cultures 

showed an increase in EVs protein content in hypoxic conditions, particularly in HCC1954-derived 

EVs. Flow cytometry and ELISA analyses confirmed the presence of HER2 on EVs' surface, 
respectively, further supporting the hypothesis of enhanced HER2 trafficking under hypoxic 

conditions. 

 

In conclusion, the Elplasia® plates proved to be a successful platform for EVs isolation, providing a 

substantial yield of EVs. However, refinement of the spheroid disaggregation step and accurate cell 

count determination are crucial for improving precision and reproducibility. Despite the challenges, 

this 3D cell culture-based EVs research offers promising opportunities for investigating disease 

mechanisms and developing therapeutic strategies. 
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6.1 Introduction 

Over the decades, cell culture has been applied as a major strategy for cell biology studies, especially 

in the cancer field, and various 3D cell culture systems have emerged to better mimic in vivo 

conditions compared to traditional 2D cell cultures[198].  

Previously in our group[349], it has been found that 3D cell cultures, which more closely mimic the in 

vivo microenvironment, provide a better platform for evaluating breast cancer drug sensitivity and 

resistance compared to traditional 2D monolayer cultures. In this study, a panel of HER2+ breast 
cancer cell lines (BT474, EFM192A, and HCC1954) were grown in 2D and “force floating” 3D cell 

culture conditions to compare drug response and resistance to two different anti-cancer therapies 

commonly used: neratinib and docetaxel. The results showed that the 3D cultures had a different 

drug sensitivity and resistance profile compared to the 2D cultures. Specifically, the cells cultured in 

3D conditions were more resistant to neratinib and docetaxel, compared to cells cultured in 2D 

conditions. This difference was attributed to the up-regulation of several proteins involved in cell 

growth and survival (i.e. Akt, Erk and EGFR family), drug targets (EGFR and HER2), and drug efflux 

pump expression (PGP) contributing to multi-drug resistance in 3D cell culture[349]. Better 
representation of the heterogeneity of breast cancer tumours is a major challenge in cancer drug 

development. By incorporating 3D cell cultures into drug testing, researchers can better capture the 

complexity of tumours and improve the clinical relevance of preclinical drug development. 

Yet, typically EVs research has been conducted with cells grown in a monolayer on a dish to facilitate 

the collection of EVs from the CM[350]. However, 2D cell cultures lack the impact of the ECM, which 

has been shown to dynamically affect multiple cellular processes such as proliferation, survival, and 

energy metabolism[351]. Furthermore, cell polarity may be lost, and diversity of phenotypes 
diminished, because of the cell morphology in the 2D cell culture[352], and the limited cell-cell and 

cell-matrix contacts do not promote formation of environmental niches[197]. In the 3D cell cultures, 

cells can become organised as in native tissues, and even form tissue-type features such as acinar 

structures of epithelium[353] or importantly, cancer spheroids[354]. 

3D culture has the potential to improve our understanding of EVs and their role in various biological 

processes and disease states. Some of the key advantages to consider are: (1) physiologically and 

pathologically relevant environment: as 3D cell culture can better mimic the in vivo conditions, this 

could lead to the production of EVs that better reflect the in vivo state of the cells and their 
microenvironment[355]; (2) complexity of cellular interactions: 3D cell culture can better replicate the 

cellular interactions and signalling pathways that occur in vivo, leading to a more complex and diverse 

EVs population. This can be particularly important for studying the role of EVs in intercellular 

communication and disease progression; (3) improved functionality of EVs: EVs isolated from 3D 

cultures have been shown to have improved functionality compared to those from 2D cultures. For 

example, Yan et al. (2020)[356] showed that EVs from umbilical MSC cultured in 3D have been shown 

to have greater osteochondral regenerative potential compared to that of 2D cell culture; (4) potential 

for high-throughput screening: 3D cell culture systems can be adapted for high-throughput screening 
of EVs, which can accelerate the discovery of new diagnostic or therapeutic targets[357].  
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Although in the past decade the use of 3D cell culture increased noticeably, their use to study EVs 

still being limited due to the lack of standards and reproducible methods for EVs analysis using these 

models. For instance, the choice of a proper EVs separation methodology can be more challenging 

for 3D cell cultures compared to 2D cultures. The use of some gel-like scaffold materials in 3D 

scaffold-based approaches can interfere with centrifugation steps involved in different separation 

methodologies, owing to the challenge of dissolving these materials[358]. 
Many 3D culture techniques can be used to create uniform-sized spheroids using a scaffold-free 

approach, including ultralow cell binding surfaces in individual U-bottom wells, the hanging drop 

method, and gyratory shaking[359]. Additionally, there are flasks or assay plates (i.e., Elplasia® plates) 

with arrays of microcavities that support the formation of individual spheroids per cavity, allowing the 

production of a considerable number of consistent-size spheroids [360].  

Other scaffold-free methods use surface modification techniques to create micropatterns that alter 

cell adhesion and support spheroid formation (i.e., Nanoculture® Plates). However, this method 

tends to create heterogeneous clusters of cells with a broad size range, which may lead to differences 

in cell responsiveness to treatments among the population of 3D structures. T-flasks with a large 

ultralow binding surface can generate millions of spheroids, but heterogeneity in the size of structures 
remains an issue. 

6.2 Aims of the study 

The aim of this study was to determine the suitability of a 3D cell culture model using an Elplasia® 

dish for the comparison of EVs derived from six HER2+ breast cancer cell line variants (neratinib-

sensitive and neratinib-resistant cell lines) cultured under hypoxic versus normoxic conditions. 

Subsequently, we also aimed to evaluate the presence of proteins related with hypoxia in the cells 

cultured in 3D, as well as to investigate the effect of hypoxia on the release of EVs in neratinib-

sensitive and neratinib-resistant HER2+ cell lines cultured under 3D conditions. 
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6.3 Materials and Methods 

6.3.1 Cell lines and culture conditions 

Three HER2-positive breast cancer cell variants (EFM192A, HCC1954 and SKBR3, and their 

neratinib-resistant counterparts EFM192A NR, HCC1954 NR, and SKBR3 NR) were routinely 
maintained in complete RPMI-1640 medium as explained in Section 2.3.1. 

In this chapter, cells referred to as 3D cultures were grown under “forced floating” conditions, where 

round-bottomed 96-well plates (Corning Costar, Cat. #: 3788) coated with poly (2-hydroxiethyl 

methacrylate) [poly-HEMA] (Sigma-Aldrich, Cat. #: P3932) or 6-well Elplasia® plates (Corning, Cat. 

#: 4440) were used. Poly-HEMA coated plates were prepared and used as previously by our 

group[349]; but here was adapted for EVs separation. In brief, 12 mg/ml stock of poly-HEMA was 

prepared (1.2 mg of poly-HEMA was dissolved in 100 ml 95% ethanol overnight on a rocker) and 50 
μl of this solution was added to each well of the 96-well plate and allowed to dry overnight in a 

biosafety cabinet. This coating process was repeated once more, leaving to dry completely before 

addition of the cells. 6-well Elplasia® plates present an ultra-low attachment surface that promotes 

the formation of scaffold-free spheroids. Each well contains around 2885 microcavities, claimed to 

allow the development of the same number of spheroids/well. Elplasia® plates were pre-wet prior to 

seeding cells by adding 1.5 ml of supplemented RPMI-1640 media per well and centrifuging at 

1,000× g for 1 min. This centrifugation step was repeated until all trapped air was removed. 

Due to the possibility of disrupting the spheroids, cells were directly seeded in presence of RPMI 
media supplemented with 10% EVs-depleted FBS, 2mM L-Glutamine and 1% P/S. Densities used 

for each type of 3D culture are shown in Table 6.1. Cell density and volumes for the poly-HEMA 

coated 96-wells were established according Breslin et al. (2016)[349] while for the Elplasia® 6-well 

plates the manufacturer’s recommendations were followed. Cells were then maintained in normoxia 

or directly placed in hypoxic (see details per Section 5.3.1) for 5 days after seeding. 

Cells were counted and their viability checked by disaggregating the spheroids using 1X trypsin-

EDTA solution (Sigma-Aldrich, Cat. #: T3924), 10x trypsin-EDTA solution (Sigma-Aldrich, Cat. #: 

T414-100ML) and/or Accumax - Cell Aggregate Dissociation Medium (Invitrogen, Cat. #: 00-4666-
56) and incubating during 5–10 min at 37°C on a thermomixer (Eppendorf) at 350 rpm. The 3D cell 

culture screening workflow is illustrated in Figure 6.1. 
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Table 6.1. Seeding densities used for each 3D cell culture and the volumes of media used. 

Cell lines Plate type Seeding density Volume/well 

EFM192A 
Coated 96-well plate 8×103 cells/well 200 μl 

6-well Elplasia® plate 700 cells/microcavity 
(~2×106 cells/well) 13 ml 

EFM192A NR 
Coated 96-well plate 8×103 cells/well 200 μl 

6-well Elplasia® plate 700 cells/microcavity 
(~2×106 cells/well) 13 ml 

HCC1954 
Coated 96-well plate 3×103 cells/well 200 μl 

6-well Elplasia® plate 500 cells/microcavity 
(~1.4×106 cells/well) 13 ml 

HCC1954 NR 
Coated 96-well plate 3×103 cells/well 200 μl 

6-well Elplasia® plate 500 cells/microcavity 
(~1.4×106 cells/well) 13 ml 

SKBR3 
Coated 96-well plate 5×103 cells/well 200 μl 

6-well Elplasia® plate 500 cells/microcavity 
(~1.4×106 cells/well) 13 ml 

SKBR3 NR 
Coated 96-well plate 5×103 cells/well 200 μl 

6-well Elplasia® plate 500 cells/microcavity 
(1.4×106 cells/well) 13 ml 
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Figure 6.1. Schematic workflow diagram of our proposed method for EVs isolation from 3D 
cell culture cells. 
(Step 1) Initially, two approaches were investigated for spheroid formation: poly-HEMA coated 96-

well plates and 6-well Elplasia® plates; (Step 2-3) After the platform selection, cells were plated in 

6-well Elplasia® wells and incubated under normoxia (21% O2, 5% CO2, 37ºC) or hypoxia (1% O2, 

5% CO2, 37ºC) for 5 days; (Step 4) After 5 days incubation, spheroids were measured by estimating 

their diameter and volume and were harvested for cell lysate samples, as well as the collection of 

the conditioned media (CM); (Step 5) EVs were enriched from the CM by using dUC protocol. 
Resultant pellets were then resuspended in 50 μl of PBS or lysis buffer. (Step 6) EVs characterisation 

was performed on EVs samples by NTA, IFCM, TEM and immunoblotting analysis. Illustration 

created in BioRender.com. 
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6.3.2 EVs separation by differential ultracentrifugation (dUC) 

After the cells conditioned the medium for 5 days, approximately 78 ml aliquots of CM were collected 

from EFM192A, EFM192A NR, HCC1954, and HCC1954 NR seeded in 6-well Elplasia® plates. CM 
was then centrifuged as explained previously in Section 5.3.2 with some adaptations. In this case, 

10K pellets were not analysed and thereby pellets were discarded. In addition, from the 78 ml 

aliquots, 39 ml of CM were processed as explained in Section 5.3.2 and resuspended in 50 μl PBS 

and stored in Protein LoBind tubes (Eppendorf, Cat. #: 0030 108.116) at -80ºC, while the other 39 

ml aliquot was processed and the final pellet was directly resuspended in 50 μl lysis buffer (Thermo 

Fisher Scientific, Cat. #: FNN0011) containing protease inhibitor cocktail (Roche, Basel, Switzerland; 

Cat. #: 04693116001) for further analysis.  

6.3.3 Collection of protein lysate of cells cultured as 3D models under 
normoxic and hypoxic conditions, along with EVs collection 

After 5 days of seeding, the CM was carefully removed from the plates and the cells were processed 

as previously described in Section 2.3.6, but with minor changes. Briefly, spheroids were 

resuspended in cold PBS and washed twice (by centrifuging 10,000× g at 4°C for 5 min and 

resuspending again in cold PBS) before being lysed. Cells were then centrifuged at 10,000× g at 4°C 

for 5 min. The pellet was then resuspended in 100 μl lysis buffer (Thermo Fisher Scientific, Cat. #: 

FNN0011) protease inhibitor cocktail (Roche, Basel, Switzerland; Cat. #: 04693116001), and 

samples were sonicated on ice 20 sec (pulse time 5 sec, pulse off time 5 sec). After sonication, 
samples were vortexed and incubated for 30 min at RT and finally centrifuged at 16,000× g for 10 

min. The supernatant was transferred to a new 1.5 ml centrifuge tube (Eppendorf, Cat. #: 

0030123328) and stored at -20ºC until required. EVs lysates obtained from 39 ml aliquots were 

directly lysed as explained in Section 2.3.6 by resuspending in 50 μl lysis buffer and protease 

inhibitor cocktail. The supernatant was stored at -20ºC until further analysis. 

6.3.4 Optical Microscopy 

The images of the spheroids were captured by phase contrast microscopy on an Olympus IX81 

inverted microscope. The volume of a spheroid (V, μm3) was calculated according to the equation: 

V = (a × b2)/2, where a is the larger diameter (μm) and b is the smaller diameter (μm). 

6.3.5 Protein quantification by Bicinchoninic acid (BCA) assay 

Cell lysate and EVs lysate was quantified using the Bio-Rad protein assay Dye reagent (Bio-Rad, 

Cat. #: 500-0006) as previously described in Section 3.3.1.1. The amount of protein measured in 

the EVs isolates was normalised by seeding densities.  
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6.3.6 Immunoblotting 

For all immunoblotting performed in this chapter, 30 μg total protein was resolved on either 7.5% 

Mini-PROTEAN TGXTM 15-well gel (Bio-Rad Laboratories; Cat. #: 4561026), or 10% Mini-PROTEAN 
TGXTM 15-well gel (Bio-Rad Laboratories; Cat. #: 4561026) for cell lysates and 10 μg total protein 

was resolved on 10% Mini-PROTEAN TGXTM 10-well gel (Bio-Rad Laboratories, Cat. #: 4561034) 

for EVs lysates, along with a MW marker, SeeBlue Plus 2 Pre-stained standards (Invitrogen, Cat. #: 

LC5925). Immunoblots were performed as described in Section 2.3.8. All antibody conditions and 

catalogue numbers used in this chapter are detailed in Table 6.2. Densitometric analysis was 

performed using Fiji software[216]. 

Table 6.2. Antibody dilutions and conditions for immunoblotting. 
Primary 

Antibody 
Company, Cat. # Dilution Antibody condition Secondary Antibody 

β-actin Sigma-Aldrich, A1978 1:5000 3% BSA/PBST Anti-Mouse IgG 

Calnexin Abcam, ab133615 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD9 Abcam, ab236630 1:1000 3% BSA/PBST Anti-Rabbit IgG 

CD63 Abcam, ab68418 1:500 3% BSA/PBST Anti-Rabbit IgG 

HER2 Calbiochem, OP15 1:1000 3% BSA/PBST Anti-Mouse IgG 

HIF-1α Cell Signaling, 1:1000 3% BSA/PBST Anti-Rabbit IgG 

Syntenin Abcam, ab133267 1:1000 3% BSA/PBST Anti-Rabbit IgG 

All secondary antibodies were diluted 1:1000 in 3% BSA/PBST 

6.3.7 Characterisation of EVs pellets  

6.3.7.1 NTA measurements on 120K pellets 
[NTA of EVs was performed in the Laboratory for Biological Characterisation of Advanced Materials 

(LBCAM), Trinity Translational Medicine Institute, as a paid service] 

 

Twenty-four samples containing EVs were analysed via NTA (Malvern UK) using a NanoSight NS500 

system as described previously in Section 4.3.8.1. 

6.3.7.2 TEM imaging of 120K pellets 
[TEM imaging of EVs was performed in the Advanced Microscopy Laboratory in Trinity Biomedical 

Sciences Institute by Mr. Neal Leddy as a paid service] 

 

Samples were prepared for TEM analysis as previously describe in Section 2.3.9. 

6.3.7.3 Imaging Flow Cytometry on EVs isolates 
The IFCM analysis on EVs obtained from 3D cells after 5 days in normoxic or hypoxic conditions was 

performed following the protocol described in Section 4.3.8.3. 
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6.3.8 HER2 analysis by ELISA 

HER2 quantification was performed using the DuoSet ELISA kits (R&D Systems, Cat. #: DY1129B) 

and following manufacturer’s instruction as explained in Section 3.3.3. 

6.3.9 Data analysis and statistical testing 

All statistical analyses were performed using GraphPad Prism version 9.1.9 for macOS (GraphPad 

Software). Regarding cell and EVs characterisation, values for arbitrary units (A.U.), spheroid 

diameters, spheroid volumes, EVs particle numbers, and EVs size are given as mean ± SEM (n=3). 
Two-tailed paired t-test was applied (p < 0.05 was considered as statistically significant) for 

comparison between normoxia and hypoxia, while two-way ANOVA was used for comparison 

between groups (neratinib-sensitive vs neratinib-resistant). For ELISA assay analysis, HER2 

quantification was performed interpolating the absorbance values to the standard curve run 

alongside the samples. 
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6.4 Results 

6.4.1 Evaluating the suitability of the methodologies for spheroid 
formation and cell characterisation 

We firstly tested poly-HEMA coated 96-well plates for culturing cells for subsequent collection of EVs 

isolation, as used previously by our group. However, in that study only EVs quantity (estimated in 

μg/ml) was determined in EVs derived from cells cultured in 2D and 3D conditions. Here, our aim 

was to fully characterise those EVs isolates derived from 3D cell culture under normoxic and hypoxic 

conditions.  
We observed that after 24 hrs incubation in poly-HEMA coated plates, SKBR3 cell variants were not 

able to form spheroids successfully while we obtained rounded and compact spheroids in the case 

of HCC1954 cell variants, and a less homogeneous 3D shape in the case of EFM192A cell variants 

(Figure 6.2). Noticeably, spheroids of those cell variants were less compact under hypoxic 

conditions, with some loose cells around the spheroid that was not observed when cultured under 

normoxic conditions.  

It has been demonstrated that SKBR3 cells can only form compact aggregates under specific 

conditions (CellStar® Cell-Repellent Surface coated with 3.5% Matrigel), while in the other cases 
multiple small spheroids, loose aggregates, or single cell suspensions result[361,362]. We then decided 

to eliminate the SKBR3 cell variants for this technique, as they are not able to form the same 

structures as the HCC1954 and EFM192A variants. 
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Figure 6.2. Bright-field microscope images of breast cancer spheroids. 
Phase contrast images of 3D cell cultures in normoxia and hypoxia conditions using poly-HEMA 

coated 96-wells approach. Images of EFM192A, EFM192A NR, HCC1954, and HCC1954 NR were 
taken at 20x (scale bar = 100 μm) while SKBR3 and SKBR3 NR pictures were taking at 10x (scale 

bar = 200 μm). 

Normoxia Hypoxia
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At this initial phase of the research, our primary objective was to assess the effectiveness of poly-

HEMA coated 96-well plates as a platform for separating EVs. To accomplish this proof-of-concept 

evaluation, we exclusively focus on analysing the HCC1954 and HCC1954 NR variants. These 

specific variants were chosen due to their consistent formation of uniform spheroids with a relatively 

smooth surface. The diameter and the volume of the HCC1954 and HCC1954 NR spheroids after 5 

days of incubation in normoxic or hypoxic conditions was measured (Figure 6.3). HCC1954 NR cells 
were found to form bigger spheroids in diameter and volume than their neratinib-sensitive 

counterparts, whether cultured under normoxic or hypoxic conditions. In addition, hypoxia 

significantly decreased the diameter and the volume of spheroids in both HCC1954 and HCC1954 

NR cell lines. The mean diameter and volume of the samples are detailed Table 6.3. 

 
Figure 6.3. HER2+ breast cancer cell spheroid size. 
(A) Spheroid diameter of cells 5 days post-seeding of 500-700 cells/microcavity. (B) Volume (V) of 
spheroids calculate by using the equation: V = (a × b2)/2, where a is the larger diameter and b is the 

smaller diameter.  Error bars represent the SEM, n = 19-70. Multiple paired t-test was used to 

calculate the significance: ****p<0.0001 (hypoxia vs normoxia); ####p<0.0001 (neratinib-resistant vs 

neratinib-sensitive). 

Table 6.3. Mean values of diameters and volume of the spheroids. 

Diameter (μm) 

 Normoxia Hypoxia Fold change p value 

HCC1954 388.5 ± 4.3 269.0 ± 3.7 ↓1.4 <0.0001(****) 

HCC1954 NR 414.3 ± 3.9 342.7 ± 4.4 ↓1.2 <0.0001(****) 

Volume (μm3) 

 Normoxia Hypoxia Fold change 
 

p value 

HCC1954 2.8×107 ± 1.3×106 9.3×106 ± 5.3×105 ↓3 <0.0001(****) 

HCC1954 NR 4.4×107 ± 1.2×106 1.9×107 ± 8.8×105 ↓2.3 <0.0001(****) 

Mean values of diameters and volume of the spheroids’ growth in normoxia and hypoxia conditions 

using the poly-HEMA 96-well plates platform. Fold change is calculated as hypoxia/normoxia ratio 

(****p<0.0001). 
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Once the capability of the cells to form spheroids in normoxic and hypoxic conditions was addressed, 

we studied the advantages and disadvantages compared to the Elplasia® plates. Those points are 

collected in Table 6.4. An important consideration for EVs separation is the CM volume required for 

the full characterisation of the EVs isolates. As we would like to compare with the 2D already 

performed in Chapter 5, dUC will be the methodology used for the EVs separation. To achieve this, 

several 96-well plates of CM would be required to obtain adequate CM volume. Conversely, from a 
6-well Elplasia® plate x4 times more CM can be obtained compared to a 96-well plate. Another 

important consideration is the number of spheroids that would “conditioned” that media. While from 

a 96-well plate 14 ml of CM would be obtained, “conditioned” from approximately 96 spheroids 

compared to 78 ml of CM conditioned from a 6-well Elplasia® plate holding more than 17,000 

spheroids.  

The handling of the spheroids and the CM collection were also evaluated. Upon careful evaluation, 

it has been realised that to collect the CM from each well without disturbing/absorbing the spheroids 

from each 96-well plate was a time-consuming, arduous task and, considering the output generated, 
did not sufficiently justify the resources and effort expended. In addition to that, spheroids formed in 

96-well plates were bigger and less reproducible to those formed in the 6-well Elplasia® 

microcavities. Taking everything into consideration, it was concluded that this approach was not 

suitable for our aims of CM collection and EVs characterisation. 

Table 6.4. Advantages and disadvantages of each approach evaluated for EVs separation. 

Plate 
Volume  
CM/well  

Spheroids 

/plate 

Spheroid 
reproducibility 

Handling 
Time-

demanding 
Price 

96-well plate 
coated with 
poly-HEMA 

19 ml 96 + + +++ + 

6-well 
Elplasia® 

78 ml 17,310 +++ ++ + +++ 

Levels expressed as: + = low; +++ = high. Different levels were rated based on personal experience 

and data obtained during the development of this research. 

 

The capability of the cell line variants to form spheroids in the Elplasia® plates was also evaluated. 

EFM192A and HCC1954 cell variants were equally capable of forming rounded spheroids. However, 

SKBR3 cell variants were not able to form the spheroids under these conditions either (Figure 6.4).  
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Figure 6.4. Representative microscope images of spheroids. 
Representative images at Day 5 of the HER2+ breast cancer spheroids grown at the optimal seeding 
densities. Scale bars represent 50 µm (20x magnification) or 100 µm (10x magnification). 
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When seeded in 6-well Elplasia® plates, EFM192A, EFM192A NR, HCC1954, and HCC1954 NR 

cells formed smaller spheroids under hypoxia compared with normoxia, as previously observed in 

the 96-well plates (Figure 6.5). However, EFM192A NR cells seemed to form smaller spheroids than 

EFM192A in terms of diameter and volume. Although HCC1954 NR spheroids presented a bigger 

diameter compared with HCC1954 spheroids in both normoxic and hypoxic conditions, no significant 

differences in volume between those cells’ lines were observed. The diameter and volume mean of 
the samples are detailed in Table 6.5. 

 
Figure 6.5. HER2+ breast cancer cell spheroid size and morphology. 
(A) Spheroid diameter of cells 5 days post-seeding of 500-700 cells/microcavity; (B) Volume (V) of 

spheroids calculate by using the equation: V = (a × b2)/2, where a is the larger diameter and b is the 

smaller diameter. Error bars represent the SEM, n = 19-70. Two-way ANOVA was used to calculate 

the significance: *p<0.05, ***p<0.001, ****p<0.0001. 
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Table 6.5. Mean values of diameters and volume of the spheroids 

Diameter (μm) 
 Normoxia Hypoxia Fold change p value 

EFM192A 214.2 ± 2.9 180.5 ± 2.4 1.2¯ 
<0.000001 

(****) 

EFM192A NR 199.9 ± 3.0 160.1 ± 1.5 1.3¯ 
<0.000001 

(****) 

HCC1954 170.8 ± 2.4 128.3 ± 1.5 1.3¯ 
<0.000001 

(****) 

HCC1954 NR 182.1 ± 2.0 146.1 ± 1.3 1.3¯ 
<0.000001 

(****) 
Volume (μm3) 

 Normoxia Hypoxia Fold Change p value 

EFM192A 4.9×106 ± 2.9×105 2.6×106 ± 1.1×105 1.9¯ 
<0.000001 

(****) 

EFM192A NR 4.2×106 ±2.5 ×105 2×106 ± 5.2×104 2.1¯ 
<0.000001 

(****) 

HCC1954 2.7×106 ± 1.7×105 1.1×106 ± 4.9×104 2.5¯ 
<0.000001 

(****) 

HCC1954 NR 3×106 ± 1.2×105 1.6×106 ± 6.6×104 1.8¯ 
<0.000001 

(****) 
Mean ± SEM values of diameters and volume of the spheroids’ growth in normoxia and hypoxia 

conditions. Fold change is calculated as hypoxia/normoxia ratio. P values relates to differences 

between normoxic and hypoxic conditions, ****p<0.0001 

 
EVs count in 2D in vitro models are normalised based on the final cell concentration as a standard 

practice but in the case of 3D in vitro models this practice is not standardised. As the cell count at 

the time of conditioned media collection can be a challenge due to the need of a spheroid 
disaggregation, some studies normalise the EVs based on the seeding densities[355]. Here, as cells 

grow at different rates in normoxia and hypoxia conditions, we decide to compare the protein 

amounts we obtained from the cell lysates at the time of collection to evaluate if cell protein amount 

can be used to normalise the EVs analysis. We found that spheroids from HCC1954 and HCC1954 

cell variants exposed higher amount of protein in normoxia compared to the hypoxic spheroids. No 

significant differences in terms of protein were found in spheroids from EFM192A and EFM192A NR 

cell variants (Figure 6.6). 
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Figure 6.6. Spheroids' protein concentration. 
Protein content of spheroids was measured by BCA. Paired t-test used to calculate significance: 
**p<0.01 (n = 3 ± SEM). 
 

Once we evaluated the size of the spheroids formed in both conditions, we collected the protein cell 

lysates of those cells and performed immunoblot analysis of certain markers previously investigated 

in Chapter 5 (see Section 5.4.1). We evaluated the expression of HER2, HIF-1α, b-catenin, and 

CD9 in EFM192A, EFM192A NR, HCC1954, and HCC1954 NR spheroids (Figure 6.7 and Figure 
6.8, respectively). As expected, an increase of HIF-1α expression under hypoxic conditions was 

found in both EFM192A and EFM192A NR spheroids (14.9-fold, p = 0.0002; 13.5-fold, p = 0.005, 

respectively). Interestingly, under hypoxic conditions, higher amount of HIF-1α expression was found 

in EFM192A spheroids compared with EFM192A NR (1.63-fold, p = 0.044). Similar expression levels 

of HER2 were observed in EFM192A and EFM192A NR spheroids.  

With EFM192A and EFM192A NR spheroids, a down-regulation in b-catenin expression was 

observed in hypoxia, but only significant in the case of EFM192A (3.83-fold, p = 0.013;1.74-fold, p = 

0.170, respectively). Similar amounts of b-catenin were observed between EFM192A and EFM192A 

NR in normoxic conditions. However, a higher amount of b-catenin was observed in EFM192A NR 

hypoxic spheroids compared to their neratinib-sensitive EFM192A counterparts. 

The expression of CD9 was also evaluated in those spheroids. While in normoxic conditions 

EFM192A NR spheroids seem to have a higher expression of CD9 compared with EFM192A 

spheroids (1.49-fold, p = 0.343), a significant lower expression of CD9 was found in EFM192A NR 

hypoxic spheroids compared to their EFM192A counterparts (2.58-fold, p = 0.023). It was also 

noticeable that hypoxia slightly, but insignificantly increased the expression of CD9 in EFM192A 
spheroids (1.69-fold higher in hypoxia, p = 0.134) while showed the opposite effect on EFM192A NR 

spheroids (2.28-fold higher in normoxia, p = 0.062). 
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Figure 6.7. Characterisation of EFM192A and EFM192A NR spheroids under normoxic and 
hypoxic conditions. 
(Top) Immunoblots showing expression of HER2, HIF-1α, β-catenin, β-actin, and CD9 in neratinib-

sensitive and neratinib-resistant (neratinib-resistant; NR) EFM192A cancer cell variants. Thirty μg of 
EFM192A (Left) and EFM192A NR (Right) cell lysates were loaded for this analysis; (Bottom) The 

relative intensity (AU) of the protein signal band was calculated using ImageJ software. 𝛽-actin was 

used as loading control and normalisation. Multiple paired t-test was used to calculate the 
significance *p<0.05, n = 3 ± SEM culture protein lysates. #p<0.05 (neratinib-resistant vs neratinib-

sensitive). 
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When we analyse these protein markers in HCC1954 cell variants (Figure 6.8), we observed a 

significant increase in HER2 expression under hypoxic conditions in HCC1954 NR spheroids (1.58-

fold, p = 0.0005). Surprisingly, HCC1954 NR spheroids showed a higher HER2 expression than their 

neratinib-sensitive counterparts (1.37-fold, p = 0.004).  It was also found that HCC1954 NR spheroids 

expressed similar amounts of HIF-1α in both normoxia and hypoxia. On the other hand, an increase 

in HIF-1α in the HCC1954 spheroids cultured under hypoxic conditions, this rise was not significant 
(2.73-fold, p = 0.473). In relation to CD9, similar results to those obtained for EFM192A cell variants 

were found in HCC1954 cell variants. An insignificant increase of CD9 was found in HCC1954 

spheroids cultured under hypoxic conditions when compared to their normoxic counterparts (1.23-

fold, p = 0.759), while HCC1954 NR spheroids showed a significant reduction of CD9 expression in 

hypoxia compared to normoxic conditions (3.17-fold, p = 0.002). Furthermore, CD9 protein was more 

abundantly expressed in normoxic HCC1954 NR spheroids than in HCC1954 spheroids (1.98-fold, 

p = 0.014). 
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Figure 6.8. Characterisation of HCC1954 and HCC1954 NR spheroids under normoxic and 
hypoxic conditions. 
(Top) Immunoblots showing expression of HER2, HIF-1α, β-catenin, β-actin, and CD9 in neratinib-

sensitive and neratinib-resistant (neratinib-resistant; NR) HCC1954 cancer cell variants. Thirty μg of 

HCC1954 (Left) and HCC1954 NR (Right) cell lysates were loaded for this analysis; (Bottom) The 

relative intensity (AU) of the protein signal band was calculated using ImageJ software. 𝛽-actin was 

used as loading control and normalisation. Multiple paired t-test was used to calculate the 

significance: p**<0.01 (hypoxia vs normoxia) and #p<0.05 (neratinib-resistant vs neratinib-sensitive). 

n = 3 ± SEM culture protein lysates. 
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6.4.1.1 Summary of findings 
An outline of the immunoblots results obtained for these two cell line pairs cultured in 2D and 3D 

under normoxic and hypoxic conditions is collected in Table 6.6. Although most of the analysed 

markers followed the same expression on the cells grown under 2D and 3D conditions, it was 

observed an opposite trend in the case of HER2 expression in EFM192A cells and differences in 

CD9 expression in EFM192A and HCC1954 NR cells depending on the cell culture used. 

Table 6.6. Summary of cell characterisation in 2D and 3D under hypoxic conditions. 

 EFM192A EFM192A NR HCC1954  HCC1954 NR 

Characteristic 2D 3D 2D 3D 2D 3D 2D 3D 

HER2 ↑ ↓ ↓ ↓ n.d. n.d. n.d. ↓ (**) 

HIF-1α ↑ (**) ↑ (*) ↑  (*) ↑ (*) ↑ (***) ↑ ↑ (*) n.d. 
β-catenin n.d. ↓ (*) n.d. ↓ ↓ (*) ↓ n.d. n.d. 

CD9 ↓ (*) ↑ n.d. ↓ ↓ (*) n.d. ↑ ↓ 

Summary of the characterisation of the two cell line pairs compared to their 2D-cultured counterparts 

under hypoxia. Arrows refers to the increase (↑) or decrease (↓) under hypoxia compared with 

normoxia for each cell culture technique. No differences (n.d.) was defined as a fold-change (hypoxia 

vs. normoxia) ~1. *p<0.05, **p<0.01, ***p<0.001. 

6.4.2 Evaluating the suitability of the methodologies for EVs isolation 

As the use of the 6-well Elplasia® plates was a simple way to form several spheroids with adequate 
production of CM, we decide to evaluate their suitability for EVs isolation and full characterisation of 

those EVs samples. Here, EVs results were normalised based on the protein amount of cell lysates 

obtained at the collection time. Normalisation based on the seeding density is also collected in the 

Appendix V.  

6.4.2.1 Protein quantification present in EVs samples from normoxia and 
hypoxia conditions 

The amounts of protein (expressed as µg of protein/µL) present in each sample was determined by 

the BCA protein assay and normalise by cell protein amount (Figure 6.9). Only a significant increase 

in protein content was found in EVs derived from HCC1954 cells under normoxic conditions 

compared to their normoxic pair (2.8-fold, p = 0.009). No other significant differences were found in 

relation to protein analysis of EVs samples whether derived from normoxic and hypoxic conditions 

or neratinib-sensitive or -resistant cells. Mean values of protein quantity are collected in Table 6.7. 

Alternative normalisation using seeding density is collected in the Appendix V (Figure V-1). 
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Figure 6.9. Protein content of EVs derived from 3D cultured cells was measured by BCA. 
The amount of protein was normalised to amount of cell protein. Paired t-test used to calculate 

significance: **p<0.01 (n = 3 ± SEM). 

Table 6.7. Mean values of protein amounts for EVs isolates. 

EVs protein yield (Mean ± SEM) 

Cell line Condition 
µg EVs protein 

(Normalised by cell protein) 
Fold-change p value 

EFM192A 
Normoxia 0.042 ± 0.014 

¯1.3 0.231 (ns) 
Hypoxia 0.033 ± 0.013 

EFM192A NR 
Normoxia 0.028 ± 0.013 

↑1.4 0.24 (ns) 
Hypoxia 0.039 ± 0.003 

HCC1954 
Normoxia 0.010 ± 0.004 

↑2.8 0.009 (**) 
Hypoxia 0.029 ± 0.005 

HCC1954 NR 
Normoxia 0.008 ± 0.005 ↑1.4 0.281 (ns) 

Hypoxia 0.011 ± 0.009   

Mean values ± SEM obtained from 3D cultured cells under normoxia and hypoxia. Fold change is 

calculated as hypoxia/normoxia ratio (**p<0.01). 

6.4.2.2 Characterisation of EVs derived from 3D cultured cells by 
immunoblotting 

Immunoblotting analysis was performed to evaluate the presence of EVs markers and HIF-1α for the 

different lysed EVs samples (Figure 6.10). Regardless of the cell line of origin, calnexin (used as 

“exclusion marker”) was not detected with any of the EVs samples analysed.  

All EVs were positive for all EVs markers proving the presence of different EVs population as 

indicated by the presence of CD63 (associated with all EVs populations), syntenin (mainly associated 

with smaller vesicles), and CD9 (mainly associated with medium/large EVs). However, all EVs were 

negative for HIF-1α.  
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Equal amounts (10 µg) of protein were loaded on the gels. However, the enrichment of EVs markers 

in the EVs isolates was dependent on the neratinib-resistant context and oxygen condition. For 

instance, it was observed an increase of CD63 in EVs derived from hypoxic EFM192A cells 

compared with the normoxic counterparts while no significant differences were observed in syntenin 

or CD9 presence between normoxic or hypoxic EFM192A-derived EVs. EFM192A NR-derived EVs 

seems to carry less CD63 than their neratinib-sensitive counterparts. Surprisingly, in the case of 
EFM192A NR-derived EVs, a decrease of CD63 was observed in the EVs released under hypoxic 

conditions compared with those released under normoxic conditions. No significant differences were 

found in the presence of syntenin or CD9 proteins. In the case of HCC1954-derived and HCC1954 

NR-derived EVs, no significant differences were found in the presence of syntenin or CD63 between 

normoxic and hypoxic conditions while a significant decrease of CD9 was found on the HCC1954 

NR-derived EVs under hypoxia (p = 0.024). Densitometric analysis of the EVs immunoblots are 

collected in Appendix V – Figure V-2. 

 

Figure 6.10. Immunoblotting analysis of EVs samples derived from 3D culture cells. 
Enrichment of EVs positive and negative markers in EVs samples release from (A) EFM192A cell 

line variants and (B) HCC1954 cell line variants under normoxic and hypoxic conditions and their 

respective cellular lysate (CL) controls analysed by immunoblotting. Ten μg of protein was equally 

loaded per lane and analysed for HIF-1α, Calnexin, CD63, Syntenin and CD9. Immunoblots images 

for n = 3 independent experiments. 
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6.4.2.3 Characterisation of EVs by NTA 
As mentioned before in Section 6.4.1, the main problem we faced during the optimisation of this 

study was the cell count and the viability calculation, as it proved impossible to break the spheroids 

down to intact single cells. MISEV 2018 guidelines established that it is especially important for EVs 

characterisation from conditioned media to establish the percent of dead cells at the time of EVs 

harvest, as well as establish the density/confluency at harvest. In 2D cultured cells experiments we 

typically normalise by number of harvesting cells, as best effort to standardise growth and harvesting 

(e.g., hypoxia decreased the final number of cells compared with normoxia). Nevertheless, here, we 

use the cell protein amount at collection time. This decision stems from existing challenges in 
developing a viable method for fully disaggregating the spheroids and conducting cell counts without 

compromising cell viability. Alternative normalisation using seeding density is collected in the 

Appendix V (Figure V-3). We subsequently analysed the resultant EVs derived from the spheroids. 

In Table 6.8, the results obtained from the NTA are presented. We did not observe any significant 

difference in the diameter of the vesicles between the conditions.  

Table 6.8. Mean size and particles yield analysed by NTA. 

Mean size (nm) 

 Normoxia Hypoxia p value 

EFM192A 109.3 ± 7.2 114.3 ± 1.6 0.5575 (ns) 

EFM192A NR 115.5 ± 4.0 117.6 ± 3.2 0.7993 (ns) 

HCC1954 110.4 ± 4.0 127.4 ± 6.7 0.0608 (ns) 

HCC1954 NR 117.7 ± 4.5 127.6± 1.4 0.0885 (ns) 

Particle numbers 

 Normoxia Hypoxia FC p value 
EFM192A 1.32×1010 ± 1.55×108 1.49×109 ± 3.23×108 n.d. 0.680 (ns) 

EFM192A NR 7.16×108 ± 1.29×108 7.33×108 ± 3.37×108 n.d. 0.940 (ns) 

HCC1954 1.22×109 ± 4.21×108 1.90×109 ± 8.76×108 ↑1.6 0.497 (ns) 
HCC1954 NR 3.87×108 ± 1.42×108 1.41×109 ± 4.58×108 ↑3.7 0.419 (ns) 

Particle numbers (30-150 nm) 

 Normoxia Hypoxia FC p value 
EFM192A 8.7×108 ± 1.21×108 9.27×108 ± 1.70×108 n.d. 0.744 (ns) 

EFM192A NR 4.58×108 ± 7.34×107 4.60×108 ± 2.22×108 n.d. 0.988 (ns) 
HCC1954 6.89×108 ± 2.62×108 1.02×109 ± 4.47×108 ↑1.5 0.553 (ns) 

HCC1954 NR 4.30×108 ± 2.12×108 7.04×108 ± 1.69×108 ↑1.6 0.486 (ns) 

Mean size and particles yield (normalised to cell protein ± SEM), as analysed by NTA. Fold change 

(FC) is calculated as hypoxia/normoxia ratio. ns = not significant; n.d. = no differences 
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6.4.2.4 Characterisation of EVs by IFCM 
As explained in Section 4.4.2.3, NTA can estimate the size distribution and number of individual 

nanoparticles in a suspension, but it cannot be used to determine phenotype. In order to obtain a 

better estimation of the EVs quantities, we also analysed these samples by imaging flow cytometry. 

EVs samples derived from 3D cell culture under normoxia and hypoxia were analysed by IFCM using 

CellMask® (plasma membrane marker) and anti-HER2 antibody (Figure 6.11). As happened with 

other characterisation methodologies and in keeping with the results obtained from the EVs isolates 

derived from 2D culture, IFCM displayed different effects of hypoxia in the release of EVs that 

seemed to relate to cell context (resistance to neratinib). While HCC1954-derived EVs collected from 
hypoxic cells showed a significant increase of CellMask+ events (3.1-fold, p = 0.024) compared to 

those released from normoxic HCC1954 cells, EFM192A NR (1.7-fold, p = 0.571) and HCC1954 NR 

(2.7-fold, p = 0.255) -derived EVs samples also presented an insignificant increase for CellMask+ 

events when cells were cultured in hypoxic conditions. On the other hand, EFM192A showed no 

significant differences of CellMask+ events in hypoxia compared to normoxia. 

It is also important to note that EFM192A NR spheroids seemed to release fewer CellMask+ events 

compared to their neratinib sensitive counterparts in normoxic conditions, while under hypoxia similar 

CellMask+ events were found in EFM192A NR-derived EVs isolates compared with EFM192A-
derived EVs. In the case of HCC1954 cell lines, spheroids formed by HCC1954 NR seemed to 

release fewer CellMask+ events compared to HCC1954 spheroids in both normoxic and hypoxic 

conditions, being significant in the latest (3.6-fold, p = 0.012). 

Double-positive events for CellMask and HER2 were also analysed. EVs samples obtained from 

HCC1954 spheroids cultured under hypoxic conditions exhibited an increase in those double-positive 

compared to those EVs samples release under normoxia (2.2-fold, p = 0.028). In keeping with the 

obtained results for CellMask+ events in HCC1954 cell variants, a significant decrease in 
CellMask+/HER2+ events was found in HCC1954 NR-derived EVs compared to HCC1954-derived 

EVs in hypoxia (5.6-fold, p = 0.003).  Alternative normalisation using seeding density is collected in 

the Appendix V (Figure V-4). 
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Figure 6.11. IFCM analysis of EVs derived from 3D cell cultured cells. 
Imaging flow cytometry (IFCM) analysis of EVs samples obtained from 3D cultured cells under 

normoxic and hypoxic conditions. Data was collected by measuring the CellMask cell membrane 

signal (Top) and CellMask together with HER2 signal (Bottom) on the EVs samples obtained from 

two HER2+ cell lines and their neratinib-resistant counterparts. Two-way ANOVA was used to 

calculate significance: *p<0.05, **p<0.01 (n = 3 ± SEM). 
 

6.4.2.5 Characterisation of EVs by TEM 
We also analysed the EVs samples by TEM, to evaluate their integrity and appearance. Figure 6.12 
illustrates representative images of EVs derived from EFM192A, EFM192A NR, HCC1954, and 

HCC1954 NR spheroids. The qualitative TEM approach showed that both conditions produced a 

range of particle sizes on the isolates derived from those spheroids.  
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Figure 6.12. Representative images obtained by TEM. 
EVs isolates derived from 3D spheroids were enriched by using dUC protocol from two pairs of 
HER2+ breast cancer cell line variants under normoxic and hypoxic conditions. Big pictures represent 

a zoomed-out view (5000x; Scale bar = 500 nm), while the edged pictures depict a zoomed-in view 

(30000x; Scale bar = 100 nm) of the same spot. 
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6.4.2.6 Investigating the HER2 presence on the EVs surface 
As previously investigated in Chapter 5 (see Section 5.4.3), we investigated here the presence of 

HER2 on the surface of non-lysed EVs samples derived from 3D culture cells and the corresponding 

harvested spheroids by ELISA, to investigate if they are representative of the HER2 status of their 

cells of origin (Figure 6.13). As obtained by immunoblotting, EFM192A and EFM192A NR spheroids 

presented a slightly lower HER2 expression under hypoxia compared to normoxia. However, no 

significant differences were found in HER2 expression between HCC1954 and HCC1954 NR 

spheroids by ELISA. When we analysed the presence of HER2 on the EVs surface, we found an 

increase on the EVs released under hypoxic conditions from EFM192A NR (1.8-fold, p = 0.034), 
HCC1954 (2.7-fold, p = 0.202), and HCC1954 NR (2.1-fold, p = 0.015) cells. No significant 

differences were found in the case of the EVs derived from EFM192A cells between hypoxic and 

normoxic conditions. Alternative normalisation using seeding density is collected in the Appendix V 

(Figure V-5). 

 
Figure 6.13. HER2 ELISA analysis. 
Investigating the HER2 expression on HER2+ breast cancer spheroids (Top) and its presence on 

non-lysed EVs isolates under normoxic and hypoxic conditions (Bottom). Data are represented as 
mean ± SEM (n = 3). Multiple paired t-test was used to calculate the significance: *p<0.05. 
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6.4.2.7 Summary of findings for the EVs characterisation 
An overview of the results obtained for the characterisation of EVs released by 3D cultured breast 

cancer cells under normoxic and hypoxic conditions is collected in Table 6.9. 

Table 6.9. Review of main findings. 

EVs derived from 3D cultured cells 

Assay EFM192A EFM192A NR HCC1954 HCC1954 NR 

Protein amount 
↓1.3-fold 

(p = 0.231) 

↑1.4-fold 

(p = 0.239) 

↑2.8-fold 

(p = 0.009**) 

↑1.4-fold 

(p = 0.281) 

NTA: Particle size n.d. n.d. n.d. n.d. 

NTA: Particle amount n.d. n.d. 
↑1.6-fold 

(p = 0.497) 

↑3.7 -fold 

(p = 0.419) 

NTA: Particle amount 
30-150 nm 

n.d. n.d. 
↑1.5-fold 

(p = 0.553) 
↑1.6-fold 

(p = 0.486) 

EVs markers 
(Immunoblotting) 

↑CD63  

(p = 0.196) 
n.d. 

↓CD63  

(p = 0.27) 

↓CD9 

(p = 0.024*) 

IFCM - Cell Mask+ n.d. 
 

↑1.7-fold 
(p = 0.571) 

 

↑3.1-fold 
(p = 0.024*) 

↑2.7-fold 
(p = 0.255) 

IFCM - CellMask+HER2+ n.d. n.d. 
↑2.2-fold 

(p = 0.028*) 

↑1.7-fold 

(p = 0.089) 

HER2 (ELISA) 
non lysed EVs samples 

n.d. 
↑1.8-fold 

(p = 0.034*) 
↑2.7-fold 

(p = 0.202) 
↑2.1-fold 

(p = 0.015*) 

Summary of all the substantial results obtained from the different EVs samples derived from 3D cell 

culture under normoxia and hypoxia. Fold change is calculated as hypoxia/normoxia ratio. Findings 

with significant p values are highlighted (*p<0.05, **p<0.01); n.d. = no differences. 

 
 

 

 

 

 

 

 
 

 

 

 



 

 
185 

6.5 Discussion 

In general, 3D cell culture can provide a more physiologically relevant environment for studying EVs 

compared to traditional 2D cell culture, and it can be used to investigate the role of EVs in various 

diseases and physiological processes. However, there are limitations to establishing 3D cultures for 

EVs collection and characterisation. For instance, the selection of the 3D culture model, the cell count 

at the collection time, and the cell viability (the existence of a necrotic core in cancer spheroids could 

increase the presence of apoptotic bodies in EVs samples compared to 2D cell culture)[363].This 
complexity can make it more difficult to isolate and characterise EVs, as there may be more 

heterogeneity in the EVs population. The choice of EVs isolation method is another factor to consider, 

as EVs separation can be more challenging for 3D cell cultures compared to 2D cultures. For 

instance, dUC, which is a common method for isolating EVs, may not work as well for 3D cultures 

due to the presence of scaffold materials or other factors that can interfere with the centrifugation 

process. Other consideration is that the release of EVs from cells in 3D culture can be more variable 

compared to 2D culture, depending on factors such as the type of culture method used and the 

specific cell type. These factors can make more challenging the standardisation and analysis of EVs 
derived from 3D cultures. Finally, 3D cultures may require larger sample volumes compared to 2D 

cultures to obtain enough EVs for analysis.  

Due to the lack of standardisation in the 3D cell culture[364] and for the separation of the EVs 

harvested from these structures, our first investigation involved the selection of the best methodology 

for spheroid formation and the EVs separation from those spheroids. As it would be part of the future 

work to compare EVs derived from 2D and 3D cell culture from normoxic and hypoxic conditions, the 

EVs separation method would be dUC. However, as explained in Section 6.1, the use of some 
scaffolds/medium factors could interfere with the centrifuge steps. We then decided to assess the 

suitability of a methodology previously employed in this lab to form spheroids[349] based on poly-

HEMA coated 96-well plates. However, the volume was the main limitation together with the handling 

of several individual wells to collect the CM without disrupting or absorbing the spheroids. After 

considering different platforms for spheroid formation and comparing different parameters including 

volume of CM, number of spheroids, and price, we decide to assess the fitness of the 6-well Elplasia® 

plates to our aims. Elplasia® plate contains an estimated number of 2,887 microcavities in each well 

that allows to form approximately 2,887 spheroids/well. In addition, around 13 mL of media can be 
held per well, allowing an increase in the volume of CM that can be obtained per plate as well as a 

large-scale spheroid formation. 

The main issue we found in obtaining reproducible results was a problem not directly related with the 

Elplasia® platform, rather our lack of previous experience in the use of 3D cell culture. This main 

problem was the spheroid disaggregation step together with the subsequent cell count and cell 

viability calculations. Despite adhering to various published protocols that claim an efficient 

disaggregation of the spheroids[365,366], none of these approaches were effective without affecting the 

cell viability. Some spheroids were intact, while other cells were completely in the single cell 
suspension. In 2D in vitro models, the quantification of EVs is commonly normalised according to the 

final cell concentration, which is considered a standard practice[355]. However, when it comes to 3D 
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in vitro models, the normalisation of EVs is not standardised[367–369]. This is primarily due to the 

challenge of determining the cell count at the time of conditioned media collection, which requires 

the disaggregation of spheroids. Consequently, some studies opt to normalise EVs based on the 

seeding densities or ml of starting material. However, we faced problems to establish a successful 

way to completely disaggregate the spheroids and count the cells without affecting the viability of the 

cells. In addition to this, previous results obtained in 2D cell culture (see Section 5.4.1) showed a 
significant decrease in cell counts under hypoxia conditions compare with normoxia. Because of this, 

we decided to normalise EVs counts to the protein amount of the corresponding cell lysates obtained 

at the collection time in an effort to achieve the most reliable results. 

It has been shown that the ability to form rounded 3D structures is not an innate characteristic of all 

breast cancer cell lines, as SKBR3 and SKBR3 NR showed. SKBR3 cells have been shown to be 

able to form only a compact aggregate under specific conditions, while the usual structure formed 

was a loosely bound, flat aggregates, or a single cell suspension[361,362,370]. Consequently, these cells 

were not considered for assessing the efficiency of the methodology for EVs isolation. 
EFM192A, EFM192A NR, HCC1954 and HCC1954 NR were found to be able to form compact and 

rounded spheroids in the 6-well Elplasia® plates. However, hypoxia seemed to affect the roundness, 

smoothness and compactness showed by the spheroids. Both the spheroids diameter and the 

volume were significantly decreased under hypoxic conditions in all the cell line variants.  

When we analysed protein from those spheroids by immunoblotting, we found that HER2 expression 

was lower in hypoxia compared to normoxia in all the cell line variants; being significantly so in 

HCC1954 NR cells. These results differ with those obtained in 2D cell culture (Chapter 5) for 
EFM192A and EFM192A NR cell variants. Surprisingly, HCC1954 NR spheroids demonstrated a 

higher expression of HER2 compared to their neratinib-sensitive counterparts. This result appears 

to be in contrast between our previous findings in 2D cell culture, where we found a significant HER2 

down-regulation in neratinib-resistant cell lines compared with their neratinib-sensitive counterparts 

(see Section 5.4.1), suggesting that the HER2 expression differs in 2D compared to 3D culture. 

Previously work performed by our group showed a significant increase of HER2, HER3 and EGFR 

in BT474, HCC1954 and EFM192A breast cancer cells cultured in 3D compared with their 2D 

cultured counterparts[349]. However, the comparison between neratinib-sensitive and neratinib-
resistant in 2D and 3D cell culture was not addressed.  

In keeping with this, previous work found that SKBR3 breast cancer cells and SKOV-3 ovarian cancer 

cells cultured in 3D exposed higher levels of HER2 activation, as well as increased expression of 

genes involved in cell growth and survival pathways[371]. This overexpression of HER2 in 3D models 

could be due to a more physiologically relevant environment obtained by 3D cell culture compared 

with the traditional 2D cell culture. 

It was also found that HCC1954 NR spheroids expressed similar amounts of HIF-1α in both normoxia 

and hypoxia. In the monolayer-cultured HCC1954 NR cells, HIF-1α protein expression was also 
detected under normal culture conditions, although its expression was higher under hypoxic 

conditions. This abnormal expression of HIF-1α could be related with the resistance to neratinib, as 

HIF-1α together with HIF-2 α have been found to be a significant regulator of adaptive processes 

that could promote tumour cell malignant phenotypes, including proliferation, invasiveness, and 
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metastasis[372,373]. In addition, KEGG pathways analysis of the differentially expressed proteins 

between HCC1954 and HCC1954 NR cell variants showed HIF-1 signalling pathway as one of the 

top 10 enriched KEGG pathways (see Appendix II).  
It has been shown that β-catenin could protect breast cancer cells from hypoxia effects[307]. In 

addition, Wnt/β-catenin pathway has been associated with the progression of various pathological 

conditions, including cancer. In this context, β-catenin plays a significant role in promoting cancer 
development, including aspects such as cell proliferation, metastasis, and resistance to treatment, 

among other factors[323]. β-catenin was found to be down-regulated under hypoxic conditions in 

EFM192A and HCC1954 spheroids, while no differences in its expression were found in the case of 

EFM192A NR and HCC1954 NR spheroids. The down-regulation of β-catenin in hypoxia may have 

implications for various cellular processes, such as cell proliferation, migration, and apoptosis. 

Previously work performed by Cai et al. (2014)[374] demonstrated that β-catenin down-regulation 

promotes a decrease of epithelial E-cadherin expression together with an increase mesenchymal 

vimentin expression, suggesting the promotion of EMT.  
The expression of CD9 seemed to correlate with the level of resistance to neratinib. While EFM192A 

and HCC1954 showed an increase of CD9 under hypoxic conditions, EFM192A NR and HCC1954 

NR spheroids showed a significant reduction of CD9 expression in hypoxia compared to normoxic 

conditions. Furthermore, CD9 protein was more abundantly expressed in EFM192A NR and 

HCC1954 NR spheroids cultured in normoxia conditions than their neratinib-sensitive counterparts. 

However, under low levels of oxygen, the expression of CD9 was higher on EFM192A and HCC1954 

than their neratinib-resistant counterparts. In addition to its location at the cell membrane and EVs 
(converting CD9 a classical marker for EVs characterisation), CD9 is implicated in various diseases 

and pathological conditions, including cancer and inflammation. 

For example, the transfection of miR-518F-5p in the TNBC cell line MDA-MB-231 caused a decrease 

in CD9 expression leading an increase in cell migration[375]. In addition, several studies associated 

the lower expression of CD9 with poor prognosis and recurrence in breast cancer patients[376–378].  

We thus characterised the suitability of this methodology for EVs isolation and the effect of hypoxia 

condition on EVs release by EFM192A, EFM192A NR, HCC1954 and HCC1954 NR cultured in 3D 

culture. As per our knowledge, this is the first time that EVs isolates from HER2+ breast cancer cell 
lines and their neratinib-resistant counterparts growing in 3D culture are fully characterised. We 

collected the EVs isolates derived from the different four cell variants after 5 days under 

normoxic/hypoxic conditions. 

An increase of EVs protein content was observed in EVs derived from EFM192A NR, HCC1954, and 

HCC1954 NR under hypoxic conditions compare to their normoxic counterparts, being significant in 

the case of the HCC1954-derived EVs (p = 0.009). In addition to this, EVs markers investigated by 

immunoblotting showed their enrichment in the 3D-derived isolates were cell line specific and 

dependent of the oxygen level. For instance, only substantial differences on the presence of CD63 
were found. EFM192A-derived EVs isolates under hypoxic conditions presented a higher presence 

of CD63 compared with their normoxic counterparts. EVs released in normal conditions by EFM192A 

NR spheroids showed a higher enrichment of CD63 compared to the EVs harvested in hypoxia. 

EFM192A NR-derived EVs also seems to carry less CD63 than their neratinib-sensitive counterparts.  
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When those samples were analysed by NTA, no differences were found in terms of particle size and 

particle numbers (normalised to total cell protein). However, when analysed by IFCM, HCC1954 

showed a significant increase of CellMask+ events in hypoxia (p = 0.024) whereas no significant 

differences were found between EVs samples derived from the other cell lines under hypoxia and 

normoxia. It is also important to note that EFM192A NR and HCC1954 NR spheroids seemed to 

release fewer CellMask+ events compared to their neratinib sensitive counterparts. Those results 
matched with the previous obtained by monolayer-culture of the cells, where we obtained a decrease 

on EVs released by neratinib-resistant cell lines. Double-positive events for CellMask and HER2 

were higher in EVs derived from HCC1954 cultured in hypoxia compared to normoxic conditions (p 

= 0.028), together with a significant decrease on those events in HCC1954 NR-derived isolates 

compared to their HCC1954-derived counterparts in both conditions. These results are consistent 

with the ones obtained from the HCC1954 cells cultured in 2D in previous chapter (see Section 
5.4.2.5). 

Previous studies have demonstrated that 3D cultures exhibit a greater release of EVs compared to 
2D cultures. Additionally, it has been observed that oxygen deprivation can contribute to an increase 

in the release of EVs[379,380]. However, here the comparative between 2D and 3D culture under 

hypoxic and normoxic conditions was not yet addressed. In order to perform this comparison 

between 2D and 3D cell culture, a suitable normalisation process and equally standardised 

conditions have to be applied for both cell culture methodologies. 

 

We also investigated the HER2 expression of those cells and the presence of HER2 on the surface 
on the non-lysed EVs by ELISA. No significant differences were found on HER2 protein level between 

cells cultured in hypoxia and normoxia. However, higher presence of HER2 on the EVs’ surface was 

found on the EVs samples obtained from hypoxic EFM192A NR, HCC1954, and HCC1954 NR cells 

(p = 0.033, p = 0.020, and p = 0.015, respectively). These findings together with the decrease of 

HER2 expression demonstrated by immunoblotting on the hypoxic cells provide strong support for 

the hypothesis of a higher HER2 trafficking under hypoxic condition, as the observed results are 

consistent with the previously obtained by 2D cell culture (see Section 5.4.3). 

Considering all the advantages and challenges addressed in this chapter, the use of Elplasia® plates 
as a 3D platform for EVs isolation proved to be a successful strategy, as it yielded a substantial 

amount of EVs. This indicates that the 3D platform is well-suited for the isolation of EVs and can be 

a reliable method for EVs research, particularly for applications where a high yield of EVs is desired. 

Although the approach shows potential, there are specific areas that still require further optimisation. 

Notably, the spheroid disaggregation step and subsequent cell count and viability determination need 

to be refined to improve accuracy and precision. Addressing these aspects of the methodology will 

be critical in ensuring the reliability and reproducibility of the results. 
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6.6 Conclusion 

Over the past few decades, substantial advancements have been made in the development of 

representative 3D tumour models, which have enabled more accurate drug screening by creating 

tumour structures that closely mimic the natural microenvironments of tumour growth. Our attempt 

in the use of Elplasia® plates to obtain EVs released by spheroids in an optimum concentration for 

their characterisation showed that this system could precisely hold larger number of spheroids than 

other 3D platforms and that it was suitable in obtaining an appropriate EVs yield to investigate the 
differences between normoxia and hypoxia culture conditions. While the methodology shows 

promise, further optimisation is necessary to enhance its efficacy and reliability. 
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Chapter 7  

Pre-clinical in vitro models used in cancer 
research: results of a worldwide survey 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter have been entirely published in the following peer-reviewed paper: 

Martinez-Pacheco, S., & O'Driscoll, L. (2021). Pre-Clinical In Vitro Models Used in 

Cancer Research: Results of a Worldwide Survey. Cancers, 13(23), 6033. 

https://doi.org/10.3390/cancers13236033 
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Abstract 

To develop and subsequently get cancer researchers to use organotypic 3D models that can 
recapitulate the complexity of human in vivo tumours in an in vitro setting, it is important to establish 

what in vitro model(s) researchers are currently using and the reasons why. Thus, we developed a 

survey on this topic, obtained ethics approval, and circulated it throughout the world. The survey was 

completed by 101 researchers, across all career stages, in academia, clinical or industry settings. It 

included 40 questions, many with multiple options. Respondents reported on their field of cancer 

research; type of cancers studied; use of 2D/monolayer, 2.5D and/or 3D cultures; if using co-cultures, 

the cell types(s) they co-culture; if using 3D cultures, whether these involve culturing the cells in a 

particular way to generate spheroids, or if they use additional supports/scaffolds; techniques used to 
analyse the 2D/2.5D/3D; and their downstream applications. Most researchers (>66%) only use 2D 

cultures, mainly due to lack of experience and costs. Despite most cancer researchers currently not 

using the 3D format, >80% recognise their importance and would like to progress to using 3D models. 

This suggests an urgent need to standardise reliable, robust, reproducible methods for establishing 

cost-effective 3D cell culture models and their subsequent characterisation. 
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7.1 Introduction 

Cancer research requires in vitro models capable to produce reliable biomedical information through 

mimicking the cells’ phenotype as it exists in the target tissue [198]. Thus, the use of pre-clinical in 

vitro models, as well as in vivo models, continues to be crucial in cancer research. These models are 

necessary for deciphering molecular mechanisms of key events such as tumour growth, metastasis, 

drug resistance, and aspects of immune evasion. They are also necessary for anti-cancer drug 

screening and development[192]. However, as only 10% of potential anti-cancer drugs succeed during 
their clinical development, mainly due to a lack of efficacy or intolerable toxicity[193–195], this puts into 

question the relevance of the models used. 

Before any cancer research progresses to clinical utility, it typically involves studies in animal models. 

However, for many reasons, including ethics and the 3Rs (replacement, reduction, and refinement 

of the inclusion of animals in research), costs, complicated and laborious techniques requiring 

research specialists, appropriate in vitro models should always be used first to their maximum 

potential[196,197]. 

The simplest approach for in vitro cancer studies is the monolayer culture of cancer cells in 2D 
conditions. A 2D culture is straightforward with and low-cost maintenance, which might be considered 

one of their main advantages[381]. 

Nevertheless, its limitations have been increasingly recognised, proven its inadequacy as a fully 

reliable pre-clinical tumour model, mainly as an over-simplified version of tumour conditions in vivo, 

often failing to address many of the more dominant pathological problems, such as the TME. 

Moreover, it is reported that 2D cultures do not conserve the original shape and polarisation of 

cells[197,200], which could affect other properties such as their functions, organelles’ organisation, and 
cell signalling[381]. 

From the 1980s when Mina Bissell highlighted the importance of the ECM in cell behaviour[382–385], it 

is generally accepted that 3D cell culture models (if developed appropriately) should more accurately 

represent the tumour and its microenvironment and that their behaviour should be more reflective of 

in vivo cellular responses when compared to the 2D models[198,201,202,204]. 

To make real advances in developing precision medicine for cancer, pre-clinical models that 

represent in vivo biology and the microenvironmental factors, while also respecting the rights of 

animals, are necessary[192]. Indeed, several approaches are being used to increase the complexity 
of the models. These include 2D co-cultures of, i.e., cancer cells with stromal cells; 2.5D cultures, 

which consist of cells growing on top of a layer of ECM proteins; and 3D cultures which are more 

complex structures[202,203,386]. Three-dimensional cultures can be designed using different 

approaches and divided into: (i) non-scaffold-based cultures or spheroids; (ii) scaffold-based 

cultures; (iii) specialised 3D culture platforms, including microfluidic cell culture platforms and organ-

on-chip systems that allows the control of different conditions (i.e., the creation of chemical gradients 

by the fluid flow)[387], and (iv) hybrid systems that integrate spheroids into a scaffold structure[388], 

providing improved tumour models for screening anti-cancer drugs. 
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Using the bibliometric tool Scopus to identify growth metrics of the terms “in vitro tumor models” and 

“3D in vitro tumor models”, a substantial increase in publication numbers was observed (Figure 7.1), 

year on year, indicating increasing interest in this field. 

 

 
Figure 7.1. Number of articles per year. 
Expansion in the numbers of peer-reviewed published articles with the term (A) “in vitro tumor 

models” or (B) “3D in vitro tumor models”; (source: Scopus; Accessed over time, most recently 17 

November 2021). 
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Despite the general agreement in the cancer research community that in vitro 3D models can be 

more representative of tumours in the body than 2D models, these approaches have not been 

extensively incorporated in research[200,205]. Reviewing the published literature gives us information 

on what in vitro models were used in research that was published. However, it gives us no indication 

on why such models were chosen—or, indeed, what models are being used in unpublished cancer 

research and why.  

7.2 Aims of the study 

Thus, this study aimed to perform the first global survey of currently used pre-clinical in vitro models 

for cancer research, the reasons for the choices made, and the considered strengths and limitations 

of these models. 
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7.3 Materials and Methods 

7.3.1 Survey Design 

Survey questions (n = 40) were generated by using Typeform (Barcelona, Spain; 

http://typeform.com) and were designed with logic jumps, meaning that respondents were only 
brought to certain sections based on their previous answers. The survey design is shown in the 
Appendix IV. 
 
After obtaining ethics approval including General Data Protection Regulation (GDPR) considerations 

from the School of Pharmacy and Pharmaceutical Sciences Research Ethics Committee of Trinity 

College Dublin (No. 2020-04-01), the survey was circulated extensively to cancer research centres 

by email and by sharing on social media channels. The survey was opened on 28 May 2020 and 
closed in December 2020. A total of 101 full submissions were collected to an Excel file and 

consequently analysed. 

7.3.2 Statistical Analysis 

Analysis was performed using IBM SPSS 28. Nominal data are presented as percentages. The 

existence of correlation between variables was assessed using the Pearson correlation coefficient 
(PCC). 
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7.4 Results 

The extensive reach of the survey was clear by the fact that the respondents were from 19 countries 

spanning four continents (Figure 7.2A). No relatively strong correlations (PCC>0.4) or strong 

negative correlations (PCC<−0.4) were found between continent and cancer type or field. Of the 

respondents, 96% belonged to academia, 3% from clinical settings, and 1% from industry. Principal 

investigators (39.6%), post-doctoral researchers (17.8%) and senior researchers (8.9%) represented 

more than 66% of the responses, reflecting a strong level of interest in the topic at the senior level. 
Respondents also included PhD students (26.7%), clinical researchers (2%), as well as associate 

researchers (1%), laboratory technicians (1%) and research assistants (1%). 

Regarding the fields of cancer research performed by the respondents, the most reported was 

fundamental cancer biology, followed by cancer biomarkers and cancer drug sensitivity/resistance 

(Figure 7.2B). No relatively strong correlations (Pearson’s R > 0.4) nor strongly negative correlations 

(PCC < −0.4) were found between field and cancer type studied. Interestingly for a relatively new 

and specialised field of research, EVs research in cancer was reported as the interest of almost 17% 

of respondents. The cancer types represented by the in vitro models varied widely. The most 
common cancer types being studied were breast, colorectal, lung and prostate cancer. Cervical 

cancers were the most under-studied based on the responses (see Figure 7.2C). 

 
Figure 7.2. General profile of the respondents. 
(A) Number of respondents categorised by the country of work. The graph was obtained from 101 

responses; (B) Field of cancer research performed; (C) Cancer type studied by the respondents. 

Note: some respondents indicated that they are involved in more than one field of research and/or 

work on more than one cancer type. 
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7.4.1 Principal characteristics of in vitro models 

A key component of any in vitro tumour model is the source of cancer cells. Commercially available 

cell lines were the most widely chosen option, accounting for 81.2% of the responses; with primary 
cells accounting for 38.6%, and other undeclared sources making up the remaining approximately 

5%. 

The vast majority of the respondents indicated that cancer cells are the principal cell type for their in 

vitro models (91.1%) whilst the second most used were immune cells (20.8%), followed by stem cells 

(7.9%) and stromal cells (6.9%). Of those who reported working with cancer cells, 93.8% indicate 

that these were of primary tumour origin; 21.9% reported that their studies involved working with cells 

from the pre-metastatic niche; 25%, from the non-tumour cell part of the metastatic niche; and only 
18.8% were secondary tumour cells. 

Co-culture is an approach in which two or more different types of cells (rather than just cancer cells 

alone) are cultured together to better represent a tumour and the TME[389]. However, only 40.6% of 

the researchers reported that they use any co-culture model, in any form of in vitro model (Figure 
7.3A). When we asked what type of cells were co-cultured with their main cell source, the researchers 

indicated cancer cells (56.1%), immune cells (46.3%), stromal cells (39%) and stem cells (7.3%) (see 

Figure 7.3B). 

 

 
Figure 7.3. Co-culture use in preclinical in vitro tumour models. 
(A) Use of co-culture models and (B) types of cells used in these co-culture models together with the 

main cell source. Results represented as percentages (%). Note: Figure 7.3B represents a question 

with multiple choice. Some respondents indicate that their co-culture models involved more than one 

type of cells. 

7.4.2 3D models and types used in cancer research 

The development of in vitro tumour models, with increased complexity, has been aided by our 

improving understanding of tumour biology, tissue engineering, as well as advanced in the 
development of biomaterials and microfluidics[192]. However, despite such progress the use of 2D 

culture models exclusively is still being the most preferred option; followed the use of more than one 
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in vitro model but using of 2D culture in all cases, and the use of 3D culture exclusively was the third 

chosen option (Figure 7.4A). 

When the correlations between the cell types used and the culture types were analysed, it was found 

relative strongly negative correlations between the use of stem cells in 2D Culture (PCC = −0.459; p 

= <0.001) and the use of cells obtained from the metastatic niche in 3D Culture (PCC = −0.419; p = 

<0.001). Regarding the positive correlations, a relative strongly correlation was found between the 
use of primary cells in 3D Culture (PCC = 0.442; p = <0.001). 

We also asked about the use of co-culture when using 3D models specifically. Fewer than 26% of 

studies used co-cultures, while 74.2% of 3D constructs were monocultures (Figure 7.4B). In the 

cases was used, stromal cells (75%) and immune cells (62.5%) were the most used type of cells in 

combination with cancer cells. Only 12.5% of respondents indicated the use of other cancer cells in 

a co-culture (Figure 7.4C). 

 

 
Figure 7.4. Use of 3D in vitro models in preclinical cancer research. 
(A) Main in vitro tumour models; (B) Use of co-cultured approach related to 3D in vitro tumour 

models; (C) Most used cell types to co-culture with cancer cells in 3D in vitro tumour models. Note: 

Figure 7.4C represents a question with multiple choice. Some respondents indicate that their co-

culture models involved more than one type of cells. 

 

The survey also included questions related to the characteristics of the principal 3D model used (see 
Figure 7.5). For those using 3D models at all, it was found that the most extended approach used 

was scaffold-based models (51.6%), followed by scaffold-free culture (38.7%) (Figure 7.5A). No one 

reporting using a hybrid system. A natural scaffold was the preferred option for those who used 

scaffold-based models (81.25% of the respondents), followed by synthetic (43.8%), and then semi-
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synthetic (12.5%) materials (Figure 7.5B). A list of materials that might be used was included in the 

questions for the three categories (see Appendix VI; Q15). Only two synthetics [Polyethylene glycol, 

PEG (31.2%); Polyhydroxy ethyl methacrylate, poly-HEMA (6.2%)] and two semi-synthetic materials 

(PEGylated protein scaffolds, 23.1%; HyStemTM, 7.7%) were reported to be used by any of the 

respondents. Natural materials were widely used (Figure 7.5C). We also queried the 

functionalisation of the materials used. Most (62.5%) of the respondents indicated that the material 
that they used in their 3D models was not functionalised, while 25% were (the remaining 12.5% 

indicated that the functionalisation was not applicable). Another approach used in 3D culture are 

multicellular tumour spheroids, dense tri-dimensional aggregates of cancer cells alone or combined 

with other cell types in suspension culture and where scaffold are not used[196,390]. Various techniques 

can be used to produce such spheroids. When we asked about the procedures used for spheroid 

formation, researchers indicated that the main three approaches used were low attachment plate 

(51.6%), matrix-embedded (45.2%) and hanging drop (12.9%), among others (Figure 7.5D). 

 

 
Figure 7.5. Overview of 3D culture models in cancer research. 
 (A) Main strategies used for 3D models; (B) Types of scaffold-based models used in cancer 
research; (C) The most used natural materials in scaffold-based models; (D) Procedures used for 

spheroid formation. Results represented as percentages (%). Note: some respondents indicated that 

they used more than one strategy, scaffold-based model type and/or spheroid formation technique. 

 

Regarding the numbers of different 3D model types used by any given researcher, 64.5% of 

respondents using 3D culture indicated they use just one model, whilst the remaining 35.5% used 
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more than one 3D culture. The characteristics of these additional 3D models are collected in the 
Appendix VI (Figure VI-1). 

7.4.3 Characterisation of the models and downstream applications 

Analysing the techniques used to characterize the cells of the different types of models, we observed 

that cell viability assays were the most used method to analyse the cells in 2D, 2.5D and 3D culture. 

This was followed, in popularity, by flow cytometry and optical microscopy. Another trend we can 

observe in the case of other models, where the most used techniques were quantitative reverse 

transcription PCR (RT-qPCR), immunoblotting and flow cytometry (see Figure 7.6A). 

The intended downstream application may influence the choice of cell culture models for cancer 

research. Here, we asked researchers what model(s) they used for some of the most common 
assays used in cancer research: i.e., proliferation/migration/invasion assays, drug screening assays, 

angiogenesis assay, cellular uptake/release assays, immune cell response assays, EVs’ in vitro 

function assays, and gene manipulation. Unsurprisingly, 2D culture was the most used method for 

all the downstream applications (see Figure 7.6B). 

 
Figure 7.6. Analysis of pre-clinical in vitro model and their main applications. 
 (A) Most used techniques to analyse in vitro models.; (B) Choice of cell culture models for application 

in various downstream application. Most used in vitro models used for proliferation/migration/invasion 

assays, drug screening analysis, angiogenesis assay, cellular uptake/release assays, immune cell 

response assays, extracellular vesicles in vitro functional assay and gene manipulation assays. Bars 

represents the percentage for each option, with respondents being able to choose more than one 

option as appropriate. Percentages were calculated based on the reported used of each technique. 

Technique used to analysed
in vitro models

Downstream analysis
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Correlations between the techniques used to analyse the different in vitro models and the 

downstream analysis were evaluated and those PCC values above 0.4 (considered relatively strong) 

were summarised in Table 7.1. No strongly negative correlations were found between the use of any 

technique to analyse in vitro models and the downstream analysis. 

Table 7.1. Significant correlations between techniques used to analyse in vitro models and 
downstream analysis. 

 Technique to analyse 
the model Downstream analysis PCC p-value 

2D models 
Cell viability assays Proliferation 0.448 <0.001 

(**) 

RT-qPCR Gene manipulation 0.412 <0.001 
(**) 

2.5D 
models 

Flow Cytometry Immune cell response 
(2.5D Co-culture model) 0.492 <0.001 

(**) 

Optical Microscopy Immune cell response 
(2.5D Co-culture) 0.704 <0.001 

(**) 

Flow Cytometry Gene manipulation 
(2.5D Co-culture model) 0.492 <0.001 

(**) 

Optical Microscopy Gene manipulation 
(2.5D Co-culture model) 0.704 <0.001 

(**) 

3D models 

Immunoblot Proliferation 
(Scaffold-free model) 0.49 <0.001 

(**) 

Flow cytometry Proliferation 
(Natural scaffold-based model) 0.459 <0.001 

(**) 

Optical microscopy Proliferation 
(Natural scaffold-based model) 0.489 <0.001 

(**) 

RT-qPCR Proliferation 
(Natural scaffold-based model) 0.411 <0.001 

(**) 

Immunoblot Proliferation 
(Natural scaffold-based model) 0.439 <0.001 

(**) 

Flow cytometry Drug screening 
(Natural scaffold-based model) 0.417 <0.001 

(**) 

Optical microscopy Drug screening 
(Natural scaffold-based model) 0.505 <0.001 

(**) 

Cryosectioning 
Drug screening 

(Natural scaffold-based co-
culture model) 

0.454 <0.001 
(**) 

Electron microscopy 
Drug screening 

(Natural scaffold-based co-
culture model) 

0.49 <0.001 
(**) 

Electron microscopy Gene manipulation 
(Scaffold-free co-culture model) 0.704 <0.001 

(**) 

Flow cytometry Gene manipulation 
(Natural scaffold-based model) 0.502 <0.001 

(**) 

Other 
Angiogenesis 3D 

(Synthetic scaffold-based 
model) 

0.704 <0.001 
(**) 

Other 
models Oxygen measurement Immune cell response 0.492 <0.001 

(**) 
Pearson correlation coefficient (PCC > 0.4). **Correlation is significant at the 0.01 level (two-tailed). 



 

 
202 

7.5 Benefits and limitations of in vitro models in cancer 
research 

Although the interest and the use of 3D models has increased over the last decade, these models 

are still used by the minority of cancer researchers who perform in vitro studies. 

We asked those who indicated not using 3D culture models at all about the main reasons why this 

was so. The principal reasons given were lack of experience (25%) and the additional cost when 

compared to 2D cultures (18%). However, 4% of the respondents indicated an intent to develop a 

3D culture in the next step their research (Figure 7.7). 

 
Figure 7.7. Principal reasons for not using 3D models (%). 

Note: Multiple-answer question. Some respondents indicated more than one reason for not using 3D 

models. 

 

The time required for the establishment of model de novo was reported to be on average 6 weeks. 

It was also asked about the time needed not only to establish a model de novo but also the time 

required to routinely apply the model. Similarly, the time required to be able to use a model was 

reported as, on average, 6 weeks. Obviously, the time required for the development depends on the 

complexity of the model and would be a principal reason why the times could vary between different 

models. 
Researchers were also asked to give their opinion on the benefits and limitations of using 3D models. 

In relation to the advantages, as predicted, some respondents reported that these models are more 

realistic and better represent the tumour physiopathology and microenvironment when compared 

with 2D models. Other answers included: better-represented tumour growth, better-replicated 

metabolism, or considering the cell–cell interactions. Three-dimensional models were considered 

less time-consuming and less expensive than in vivo models and the importance of reducing the use 

of animals was highlighted. When researchers were asked about their interest in using 3D culture 

models, 81.3% expressed interest, 11.9% remained neutral, and only 7% of the respondents 
indicated no/low interest. However, only 33.7% agreed with the proposal that 2D cell culture models 

should be completely replaced by 3D cell culture models, 23.8% remained neutral, and 42.7% 

disagreed with this suggestion. 
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Regarding limitations, respondents predominantly reported the limitations as lack of reproducibility 

and reliability, combined with variability in results, due, at least in part, to an absence of standardised 

protocols for establishing 3D models. These issues include those with assays developed for 2D 

systems that are not directly translatable to 3D models. In fact, approximately 57% of those surveyed 

indicated their main concern with the utilisation of 3D culture models is that many routine assays 

used with 2D cultures are not translatable to 3D. It is noteworthy that only 28.7% of the respondents 
indicated that they have developed and published a protocol for a novel in vitro model that they 

developed themselves. Issues were also raised about the necessity of additional expertise, time, and 

consumables required to develop, maintain, and optimize 3D models compared to classic 2D models. 

The point was also made that, in some circumstances, 3D models have no additional benefits 

compared to 2D models; for example, when trying to mimic the immune response in cancer. So, 

adding this additional step between 2D and necessary pre-clinical in vivo studies was considered by 

some as not relevant to their research. 

Considering the use of in vivo models, 56.4% of the respondents reported that—in addition to in vitro 
models—they also use in vivo models in their laboratory, but only 40.4% of those based on their 

research predominantly perform in vivo studies. The principal reasons given for not using in vivo 

models were lack of availability (30%), lack of resources (26.7%) and the 3Rs (18.3%). Only 11.7% 

of the researchers simply indicate that the choice to not include in vivo models was a personal choice. 

Most of the respondents agreed that it is still not feasible to completely replace in vivo animal models 

with 2D/2.5D/3D in vitro models (83.3%). However, if both in vitro models and in vivo models could 

achieve the same benefits for cancer research, they would prefer to use an in vitro approach. 
Concerning the advantages and limitations of this survey, an advantage of the approach used for 

this worldwide survey includes the fact that it was open to anyone in the world who wished to partake. 

The survey was widely advertised via social media and via email to reach as many interested parties 

as possible. The fact that time and appropriate steps were invested in getting ethics approval to 

complete the survey and to ensure that no personal data were collected meant that respondents 

could be confident of the integrity of the research; that they could answer completely honestly with 

no concern that their name would be associated with any response; and that their contact details 

would not be used for any other purpose. Another advantage was the fact that it was not mandatory 
for respondents to answer all questions if they wished to avoid some, and they could complete as 

much of the survey as they wished. The design of the survey (logic jumps) meant that respondents 

were only brought to certain sections, based on their previous answers. This meant that respondents 

did not have to spend time reading through questions that were not relevant to them, based on their 

answer to a previously presented question. The main limitation of the survey—as with any such 

survey—is that there are people working with preclinical in vitro models in cancer research who the 

survey may not have reached or who were not interested in completing the survey. Thus, the 

responses achieved are, of course, only from those who were interested in taking the time to 
complete the survey. 
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7.6 Discussion 

Although 3D in vitro models are increasingly used and there are increasing numbers of support 

structure and/or co-culture options for this, the use of 2D models only is still most typical among 

cancer researchers. It is generally accepted that, although 2.5D and 3D cultures/co-cultures are a 

stepping-stone between 2D cultures and animal models when trying to answer many questions in 

cancer research, they are more expensive, more time-consuming, and require a higher level of 

expertise; and yet none of them is complex and sophisticated enough to substitute animal models. 
Therefore, although the use of 2D/2.5D/3D pre-clinical in vitro models can reduce the need for 

animals in some areas of cancer research, they still cannot mimic in full the heterogeneity of tumours 

and their microenvironment as they exist in vivo. The inclusion of organoids offers a lot of promise 

Furthermore, the inclusion of mathematical models/in silico procedures could help to reduce wet-

laboratory experiments, complementing in vitro models[391] and helping to advance to achieving 

personalised medicine[392]. 

However, the relatively limited availability of these to many academic and industry cancer 

researchers means that other options will continue to be needed. Concerted efforts are now needed 
to bring academia and industry together to develop the most sophisticated 3D models possible, to 

develop guidelines and standard operating procedures for the establishment of the same in the 

interest of rigor, reproducibility, standardisation, and best practice. These need to be as cost-effective 

as possible. In parallel, rather than trying to apply downstream analyses optimised for 2D models, 

there is an urgent need to develop compatible downstream analyses for 3D cancer models. 

As things stand in cancer research, animal models are still needed following all currently available in 

vitro models. However, in vivo approaches have inherent limitations including the prohibitive costs in 
large animal studies and differences in cancer development between species and ethical 

concerns[393].  

Two-dimensional in vitro models were shown not to fully represent the architecture, heterogeneity 

and complexity of human tumours and more representative models are needed to better reflect key 

aspects of tumour biology. Thus, there is an urgent need for standardised methods and the 

establishment of guidelines[394] and/or a transparent knowledge base for the development and 

characterisation of more sophisticated 3D cell culture/co-culture models. Additionally, these 

improvements should be beneficial in pre-clinical studies, advancing on current approaches and even 
substituting any current methods that are not ideal. This clearly indicates that additional research in 

this field is needed to improve preclinical in vitro models that replicate the key elements of tumour 

complexity and heterogeneity and find reliable alternative strategies to animal models. 
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7.7 Conclusion 

While 2D cell culture models remain the predominant choice in cancer research, they are limited in 

their ability to replicate the complexity and heterogeneity of human tumours. Although 3D models, 

including 2.5D and 3D cultures/co-cultures, offer a closer approximation to in vivo conditions, they 

are more costly, time-consuming, and require specialised expertise. Furthermore, none of these 

models can fully substitute animal models, which also have their inherent limitations. The inclusion 

of organoids and the integration of mathematical models and in silico procedures hold promise for 
improving the representation of tumour biology and advancing personalised medicine. Collaborative 

efforts between academia and industry are necessary to develop sophisticated and cost-effective 3D 

models, establish guidelines and standard operating procedures, and develop compatible 

downstream analyses. While animal models are still needed, there is a pressing need for improved 

in vitro models that better capture the complexities of tumours and explore alternative strategies to 

reduce reliance on animal models in cancer research. 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 



 

 
206 

 

 

 

 

 

 
 

Chapter 8  

Effect of tucatinib on the release of EVs from 
breast cancer cell lines 
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Abstract 

HER2 is frequently amplified and/or overexpressed in breast cancer and so tucatinib, a HER-targeted 
TKI, is approved for HER2-overexpressing breast cancer. Unfortunately, resistance often limits the 

benefit of such drugs. Previously our group discovered that EVs released from cancer cells are 

associated with transmitting drug resistance. Here, we aimed to investigate if exposure to low levels 

of tucatinib -which may be all that is achieved depending on the tumour size, location, heterogeneity, 

etc.- might stimulate HER2 expression and/or EVs’ release and so inadvertently and unintentionally 

contribute to tumour aggressiveness.  

 

Tucatinib’s IC50 and IC10 for three HER2-positive breast cancer cell lines, HCC1954, SKBR3 and 
EFM192A, and their neratinib-resistant counterparts were established using acid phosphatase 

miniaturised assay. Effects of cell exposure to this low level of tucatinib, for 48 hrs, was evaluated 

by analysing cellular HER2 by both immunoblotting and flow cytometry analysis. To get an indication 

of any changes in EVs’ release, the corresponding CM was centrifuged and analysed for the 

presence of both HER2 and the EV’s tetraspanin marker CD9, using imaging flow cytometry (IFCM). 

 

HCC1954 cells were found to be innate resistant to tucatinib, in comparison to SKBR3 and EFM192A 
cells. In addition, the three cell line variants resistant to neratinib exhibited a higher IC50 for tucatinib 

compared to their neratinib-sensitive counterparts, indicating that the development of neratinib 

resistance also conferred cross-resistance to tucatinib in all three HER2+ breast cancer cell variants. 

Immunoblotting of lysed cells following tucatinib treatment showed significantly increased HER2 

levels only in HCC1954 cells, although flow cytometry analysis of the HER2 on the surface of intact 

cells indicated that tucatinib significantly increased its expression in both HCC1954 and SKBR3 cells. 

Regarding analysis of CD9+ and HER2+ events in corresponding CM, IFCM showed an upward 

trend of CD9+ and HER2+ events in all cases following tucatinib treatment.  
 

Interestingly, the most consistent and substantial effects of low level tucatinib were manifest on the 

cancer cells which are already innately resistant to tucatinib. While further studies, including 

comprehensive analysis of collected EVs and the functional relevance of the increased HER2, are 

warranted -and including more cell lines and tumour samples- this suggest that sub-optimal treatment 

of tumours that are innately drug-resistant may actually increase their aggressiveness.  Given that 

tucatinib is indicated for breast cancer where at least two prior anti-HER2 treatment regimens have 

been used and subsequently failed, this may have important implications when choosing optimal 
treatment regimes.  
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8.1 Introduction 

Trastuzumab, the first approved therapy targeting HER2 for the treatment of breast cancer, received 

approval in the late 1990s[395]. Since then, additional HER2-targeted therapies have been approved, 

including pertuzumab, another HER2-directed monoclonal antibody, as well as ado-trastuzumab 

emtansine and fam-trastuzumab deruxtecan, which are antibody-drug conjugates. Recently, 

margetuximab, a HER2-directed antibody designed to modify Fc-receptor affinity to CD16 and induce 

CD16-mediated cytotoxicity, has also been approved[396]. 
In the realm of HER2+ breast cancer, small molecule TKIs offer another treatment option for patients 

at both early and advanced stages. Afatinib, an irreversible inhibitor of EGFR, HER2, and HER4, 

initially gained approval for the treatment of lung cancer with EGFR mutations[397]. Although afatinib 

demonstrated promising results in phase I-II breast cancer studies, it failed to exhibit efficacy in phase 

3 trials[398]. On the other hand, lapatinib, neratinib, pyrotinib, and tucatinib, all small molecule TKIs, 

have shown positive outcomes in phase 3 trials for HER2+ breast cancer patients[54,399,400]. Unlike 

dual inhibitors such as lapatinib and neratinib, which target both EGFR and HER2, tucatinib 

specifically and reversibly inhibits the TK activity of HER2, with minimal inhibition of EGFR[401]. 
These TKIs have proven effective in combination with chemotherapy and other HER2-directed 

agents, both in early-stage and metastatic settings[395]. Studies indicate that patients who experience 

progression while on trastuzumab may benefit from HER2-directed TKIs, either with or without 

trastuzumab. This efficacy may be attributed to the distinct mechanisms of action and targets within 

the HER2 receptor, which enable TKIs to overcome mechanisms of resistance to trastuzumab. 

However, various intrinsic and acquired mechanisms of resistance to HER2 TKIs agents have been 

extensively studied and documented[402,403]. The reactivation of HER2 or signalling pathways 
downstream from the HER2 receptor (i.e., activation of the PI3K pathway was associated with 

trastuzumab resistance in breast cancer[404]) together with HER2 mutations (i.e., L755S, the most 

frequent acquired activating mutation of HER2 in MBC, has been associated with resistance to 

lapatinib and neratinib and cross resistance to tucatinib has been reported in vitro[405]) have been 

recognised as well-known factors contributing to both intrinsic and acquired resistance to HER2-

targeted therapies. 

Although some advances have been done to elucidate these mechanisms, current efforts are still 

required to unravel all the key factors. It is also important, from a clinical viewpoint, to investigate the 
mechanism of how the cancer cells can evade promptly an anti-tumoral treatment. 

While the role of EVs secreted by tumour cells in facilitating communication between tumours and 

the host is well-established, the influence of anti-cancer therapies on EVs secretion and function 

remains relatively understudied. It has been observed that the administration of chemotherapeutic 

drugs to cancer cells significantly enhances the secretion of EVs and may alter their 

composition[157,406,407]. For instance, a study performed by Kreger et al. (2016)[408] revealed that MDA-

MB-231 breast cancer cells exposed to paclitaxel exhibit an increased secretion of exosomes 

enriched with the protein survivin. These exosomes carrying survivin promoted cell survival to 
NIH3T3 fibroblasts and enhance resistance to paclitaxel chemotherapy in SKBR3 cells. This 

research sheds light on the mechanisms by which exosomes contribute to chemoresistance in breast 
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cancer, highlighting the potential significance of survivin-targeted interventions in overcoming this 

resistance[408]. 

Another study performed by Wang et al. (2019)[409] investigated the effects of low-dose 

chemotherapeutic agents (doxorubicin and rhodamine 123) on the release and recycling of EVs in 

resistant human oral epidermoid carcinoma KBv200 cells. They found that EVs’ release from drug-

resistant cells was significantly increased by the presence of chemotherapeutic agents as well as 
the EVs uptake by recipient cells. These processes were induced by Rab8B and Rab5 dysregulation.  

8.2 Aims of the study 

Here, we aimed to investigate if exposure to low levels of tucatinib -which may be all that is achieved 

depending on the tumour size, location, heterogeneity, etc.- might actually stimulate HER2 

expression and/or EVs’ release and so inadvertently and unintentionally contribute to tumour 

aggressiveness. For that purpose, the IC50 was determined to investigate the existence of cross-

resistance in NR cell variants or innate resistance in neratinib-sensitive cell variants while IC10 was 

determined to investigate the effect of the treatment of tucatinib on the EVs’ release after 48 hrs 

treatment. 
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8.3 Materials & Methods 

8.3.1 Cell culture 

Three HER2-positive breast cancer cell variants (EFM192A, HCC1954 and SKBR3) and their 

neratinib-resistant counterparts (EFM192A NR, HCC1954 NR, and SKBR3 NR) were routinely 
maintained in complete RPMI-1640 medium as explained in Section 2.3.1. 

8.3.2 Toxicity assay 

The IC50 values of EFM192A, EFM192A NR, HCC1954, HCC1954 NR, SKBR3, and SKBR3 NR for 

tucatinib were determined using in vitro cytotoxic proliferation assay. Tucatinib was solubilised 
following the suggested protocol by the supplier, to obtain a 5mM solution (Selleckchem, Cat. #: 

S8362) in dimethyl sulfoxide (DMSO) (Sigma, Cat. #: D2650). EFM192A and EFM192A NR were 

seeded at 8×103 cells/well, HCC1954 and HCC1954 NR cells were seeded at 3×103 cells/well, and 

SKBR3 and SKBR3 NR cells were seeded at 5×103 cells/well in a 96-well plate (Sigma-Aldrich, Cat. 

#3595). 24 hrs after seeding, cells were exposed to increasing concentrations of tucatinib to obtain 

a final volume of 200µl/well. Concentrations of tucatinib used for paired cell lines were as follows: 0 

– 10 μM EFM192A, EF192A NR, SKBR3, and SKBR3 NR; 0 – 50 μM for HCC1954 and HCC1954 

NR. After 120 hrs (5 days) of growth in the presence of tucatinib, the acid phosphatase assay method 
was performed to measure cell viability as explained in Section 3.3.6. 

To evaluate the IC10 values (defined as the concentration that is capable to kill 10% of the cells) to 

be used to study the changes on EVs’ release without being toxic to the cells, another set of 

cytotoxicity assays werw performed. EFM192A, HCC1954, and SKBR3 cells were seeded (16×103 

cells/well, 1×104 cells/well and 8×103 cells/well, respectively) and allowed to attach overnight. The 

following day, the medium was replaced with RPMI medium supplemented with 10% EVs-depleted 

FBS (dFBS) and cells were treated with increasing concentration as follows: 1 nM – 50 μM for 
HCC1954 cells; 1 nM – 10 μM for SKBR3 and EFM192A cells. After 2 days post-treatment, an acid 

phosphatase assay was performed to measure cell viability as mentioned above.  

8.3.3 Evaluation of 48 hrs tucatinib treatment effect 

To extensively evaluate the effect of EVs’ release after 48 hrs treatment on HER2+ cell lines and 

investigate the HER2 status on the cells and the EVs released on conditioned media (CM), flow 
cytometry was performed. EFM192A cells were seeded at 6×105 cells/well while HCC1954 and 

SKBR3 cells were seeded at 3×105 cells/well plate in a 6-well plate (Corning, Cat. #: 3516) and 

allowed to attach overnight. 24 hrs after seeding, the medium was replaced with RPMI medium 

supplemented with 10% dFBS in presence (treated) or absence (untreated) of tucatinib. Treated 

wells contained IC10 concentration of tucatinib for each cell line at a final volume of 1.5 ml/well. After 

2 days of incubation, CM was collected for flow cytometry analysis and centrifuged thrice at 300× g 

for 5 min to exclude debris and dead cells and stored at -80°C for future analysis; cells were counted 
and divided for flow analysis and cell lysate was prepared as explained in Section 2.3.6 and its 
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protein content was measured as explained in Section 3.3.1.1. A representative diagram of the 

experimental design is presented in Figure 8.1. 

 

Figure 8.1. Schematic diagram of experimental workflow. 
Overview of the approach used in this study to investigate tucatinib effect on HER2+ breast cancer 

cells. CM = conditioned media. Illustration created in BioRender.com. 
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8.3.3.1 Flow cytometry cell preparation 
Following the generation of single cells suspension, explained in the previous section (see Section 
8.3.3), cells were divided for different staining at a concentration of 2×105 cells/condition. Table 8.1 

presents the antibody/stain dilutions and lasers used for this experiment. Unstained control, single-

HER2 stained control and Live/Dead stained control was used. 

Table 8.1. Antibody dilutions and conditions for immunoblotting. 

Specificity Purpose Fluorochrome 
Company, 

Cat. # 
Dilution 

Laser 
(nm) 

Filter/ 
Bandpass 

HER2 
HER2+ 

cells gating 
APC 

Biolegend, 

324407 
1:100 633 660/20 

Dead cells 
Dead cell 
exclusion 

Zombie NIRTM 
Fixable 

Viability Kit 

Biolegend, 
423105 

1:250 746 780/60 

 

Dead cells were generated by heating 50% of the sample at 65°C for 5 min and then incubating at 

4°C for another 5 min. Following this, the dead cells were mixed 1:1 with live cells for the rest of the 

steps. Cells were washed once with PBS and spun at 400× g for 3 min. The pellet was resuspended 

in 50 μl of diluted viability stain in PBS and incubated for 30 min at 4°C. After incubation, 200 μl PBS 

was added to the samples and centrifuged at 400× g for 3 min. Cell samples were then resuspended 

in 20 μl fluorescence-activated cell sorting (FACS) buffer [2%FBS, 1mM ethylenediaminetetraacetic 

acid (EDTA) (Invitrogen, Cat. #: 15575-038) and 0.1% Sodium Azide (Sigma, Cat. #: 71289-5G)] 
containing diluted 1:10 Fc Receptor blocking solution (Human TruStain FcXTM, Biologend, Cat. #: 

422301) and incubated for 10 min at 4°C. After 10 min of incubation, the antibody master mix was 

added directly to the samples at a final volume of 100 μl. Cell samples, in presence of a single 

antibody, were incubated for 30 min at 4°C. Cells were sequentially washed adding 500 μl FACS 

buffer and centrifuged for 3 min at 400× g and finally resuspended in 500 μl FACS buffer and 

immediately analysed using the BD FACSCantoTM Cell Analyzer (BD Biosciences) and the unstained 

and single-stained controls were used for compensation using Compensation Wizard tool. 5,000 

positive events were registered for compensation controls while 10,000 positive events were 
registered into live cells gate and subsequently analysed using FlowJoTM Software version 10.7 for 

Windows (Figure 8.2). 
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Figure 8.2. Gating strategies used to establish live cells population. 

8.3.3.2 Imaging Flow cytometry analysis of CM 
The IFCM analysis of CM obtained from cells after 48 hrs treatment with tucatinib was performed 

using the single-staining protocol. CM was centrifuged thrice at 300× g for 5 min prior to the assay. 

25 μl of diluted single stain preparations in 0.2 μm-filtered PBS for APC conjugated with anti-human 

HER2 (1:25, BioLegend, Cat. #324407) or PE conjugated with anti-human CD9 (1:25, exbio, Cat. #: 

1P-208-T100) antibodies were prepared. Antibodies were centrifuged at 16,000× g at 4 ºC	for 5 min 

and added to the 25 μl of CM samples. The CM samples with the antibodies were incubated for 2 

hrs at RT in the dark, and washed using a 300 kDa filter (Nanosep, Pall Biotech, Cat. #: 516-8531) 

and resuspended in PBS. The data acquisition was performed within 2 hrs on the ImageStreamX Mk 
II imaging flow cytometer (Amnis/ Luminex) at 60x magnification and using low flow rate, as 

previously defined[280]. Each sample was run for 5 min. Unstained and only media controls were run 

in parallel. Fluorescence was within detection linear range in the following channels: Brightfield in 

channel 1 and 9 (B/YG_435-480 and R/V_560-595 nm filter respectively), PE in channel 3 

(B/YG_560–595 nm filter), Side Scatter Channel (SSC) in channel 6 (R/V_745-780 nm filter) and 

APC in channel 11 (R/V_642–745 nm, filter). To certify that the observed positive events were indeed 

EVs, CM was incubated with 4% NP-40 at a final concentration of 2% and samples were analysed 
using the same strategy. IDEAS software version 6.2 (Amnis/ Luminex) was used for data analysis. 

EVs were gated as SSC vs fluorescence and the gated EVs were confirmed in the IDEAS Image 

Gallery (Figure 8.3). 
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Figure 8.3. Gating strategies used to establish different EVs sub-populations. 
(Top) EVs gates used to establish the specific numbers for EVs sub-populations: small EVs (sEVs), 

medium EVs (mEVs), and large EVs (bEVs); (Bottom) Representative image of EVs from IDEAS 

Image Gallery. EVs were acquired at 60x magnification, slow flow rate on the Amnis ImageStreamX 

Mk II imaging flow cytometer. EVs were gated as per top figure and positive for HER2 (APC) channel. 

8.3.4 Immunoblotting 

For immunoblotting performed in this chapter, 30 μg total cell protein was resolved on 7.5% Mini-

PROTEAN TGXTM 10-well gel (Bio-Rad Laboratories; Cat. #: 4561023) along with a MW marker, 

SeeBlue Plus 2 Pre-stained standards (Invitrogen, Cat. #: LC5925). Immunoblots were performed 

as described in Section 2.3.8. All antibody conditions and catalogue numbers used in this chapter 

are detailed in Table 8.2. 

Table 8.2. Antibody dilutions and conditions for immunoblotting. 
Primary 

Antibody 
Company, Cat. # Dilution Antibody condition Secondary Antibody 

β-actin Sigma-Aldrich, A1978 1:5000 3% BSA/PBST Anti-Mouse IgG 

HER2 Calbiochem, OP15 1:1000 3% BSA/PBST Anti-Mouse IgG 

All secondary antibodies were diluted 1:1000 in 3% BSA/PBST 

8.3.5 Data analysis and statistical testing 

All statistical analyses were performed using GraphPad Prism version 9.1.9 for macOS (GraphPad 

Software). Regarding toxicity assays, IC50 and IC10 values were calculated using the nonlinear 

regression in GraphPad Prism version 9.1.9 for macOS (GraphPad Software). The percent viability 

was calculated using the DMSO (vehicle) treated cells as representative for 100% viability. Unpaired 

t-test was applied in all the analysis performed in this chapter (*p < 0.05) and results are given as 

mean ± SEM (n = 3). 
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8.4 Results 

8.4.1 Establishing of tucatinib IC50 and IC10 concentrations 

To determine the appropriate tucatinib concentration to be used for each cell line, cytotoxicity assay 

was performed to evaluate the cellular viability on EFM192A, HCC1954, SKBR3, and their NR 
counterparts (see Section 2.5). Cell viability was monitored after 48 hrs and 120 hrs of incubation 

by acid phosphatase assay: 48 hrs to establish the IC10 on the neratinib-sensitive cells, as this is the 

time that cells are seeded for EVs recovering, while 120 hrs incubation was used to determine the 

IC50 of each cell line for tucatinib treatment.  

After 120 hrs incubation with tucatinib, NR cell variants showed a higher IC50 in comparison with their 

counterparts, demonstrating that neratinib-resistance conferred cross-resistance to tucatinib in all 

three neratinib-resistant HER2+ breast cancer cell variants. HCC1954 cells showed an innate 
resistance to tucatinib in comparison with EFM192A and SKBR3 cell lines (Table 8.3). Finally, 

EFM192A NR cell line showed the highest IC50 fold change in comparison with their neratinib-

sensitive counterpart (23.4-fold, p = 0.038).  

Table 8.3. IC50 values for tucatinib and fold-change values. 

IC50 values 

 neratinib-sensitive neratinib-resistant Fold change P value 

HCC1954 1.6 ± 0.7 μM 2.7 ± 0.6 μM ↑1.8 ns 

SKBR3 36.2 ± 9 nM 104.2 ± 22.4 nM ↑2.9 0.048 (*) 
 

EFM192A 43.2 ± 8.5 nM 1.0	±	0.3 μM ↑23.4 0.038 (*) 
 

IC50 and fold change values between variants were obtained after 120 hrs incubation with tucatinib. 

Fold change is calculated as neratinib-resistant/neratinib-sensitive ratio. 

 

IC10 was established for neratinib-sensitive cell lines to investigate the effect of low doses of tucatinib 

on the EVs’ release. Again, the highest IC10 was determined for HCC1954 samples (Table 8.4). 

Table 8.4. IC10 values obtained for 48 hrs treatment. 

IC10 values 

 Tucatinib R square 

HCC1954 747.4 nM 0.91 

SKBR3 1.19 nM 0.94 

EFM192A 2.62 nM 0.96 

IC10 values and R square of the curves between variants obtained after 48 hrs incubation with 

tucatinib. 
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8.4.2 Flow cytometry analysis of cells treated with IC10 concentration of 
tucatinib 

To make sure cells treated with the selected concentration of tucatinib were alive during the 

incubation period, flow cytometry (FC) was performed using the viability stain Zombie NIRTM to 

assess live versus dead status of the cells in combination with the antibody of interest. Zombie NIR™ 

is a polar water-soluble amine reactive fluorescent dye that is permeable to the cells with 

compromised membranes while is non-permeable to live cells. The events were gated to have 
10,000 events for live cells according to the negative stain of Zombie NIR in the Near IR channel 

(see Section 8.4.2). 

After gating for live cells, HER2 mean fluorescence intensity (MFI) was estimated. A representative 

flow cytometry graph showing HER2 histograms for the three cell lines are given in Figure 8.4A. 

Tucatinib seemed to enhance the presence of HER2 on the surface after 48 hrs treatment in 

HCC1954 and SKBR3 cells while was decreased in EFM192A cells (Figure 8.4B). 
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Figure 8.4. Flow cytometry histograms of signal intensity of HER2. 
(A) Staining of surface expression of HER2 after 48 hrs treatment with tucatinib on EFM192A (Left), 
HCC1954 (Centre), and SKBR3 (Right) cells show surface expression of HER2 after 48 hrs 

treatment with tucatinib. 2×104 cells were analysed per experiment (B) Representative graph of mean 

fluorescence intensities (MFI). Each bar represents the mean of the MFI ± SEM of n = 3 experiments. 

Unpaired t-test was used to calculate significance: *p<0.05. 
 

 

 

 

 

 

SKBR3 HCC1954 EFM192A
0

10,000

20,000

30,000

40,000

50,000

Cell line

H
ER

2 
M

FI

Untreated

Treated IC10 tucatinib

✱ ✱

A

B



 

 
218 

8.4.3 Immunoblotting analysis of cell lysates 

In parallel with flow cytometry analysis, immunoblotting analysis was performed to analyse HER2 

expression after tucatinib treatment in comparison with the untreated control. (Figure 8.5). In 
harmony with the results obtained by flow cytometry, the treatment with tucatinib for 48 hrs has a 

slightly effect on the presence of HER2 in HCC1954. SKBR3 and EFM192A cells also showed an 

increase in HER2 protein expression but was not significant. 

 
Figure 8.5. Qualitative immunoblot analysis of HER2 in cell lysates after 48h treatment with 
IC10 concentration of tucatinib. 
Equal amount of protein (30 μg) was loaded per lane and analysed for HER2. (Top) Immunoblots for 

control and treated cell samples and densitometry analysis is presented in (Bottom). Each bar 

represents the mean of the densities normalised to β-actin protein ± SEM of n = 3 experiments. 

Unpaired t-test was used to calculate significance *p<0.05. 

8.4.4 Analysis of CM (without separating EVs) by IFCM 

CM obtained from EFM192A, HCC1954 and SKBR3 after 48 hrs incubation in presence of IC10 of 

tucatinib was collected and cleared by 300× g centrifugation. CM from untreated cells was used as 

control for the effect of tucatinib. Unstained control as well as media and NP-40 controls were run as 

controls for the assay. A representative image of each condition depicted in the Appendix VII 
. 
 

A significant increase of CD9+ events was found in CM samples obtained from EFM192A treated 
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mEVs populations (2.3-fold, p = 0.023) while it was not significant in the case of the lEVs population 

(1.8-fold, p = 0.063). No significant differences were found between untreated and treated CM 

samples derived from the other cell lines for CD9+ events. However, an upward trend was observed 

in sEVs, mEVs and lEVs populations when we treated HCC1954, and SKBRR3 with their respective 

IC10. (Figure 8.6). 

When HER2+ events were analysed after the treatment with tucatinib, EFM192A CM obtained from 
EFM192A treated cells showed a higher number of HER2+ events in sEVs and mEVs, although this 

increment was not significant. It was observed a significant increase of HER2+ events in sEVs (2.6-

fold, p = 0.034) and mEVs (1.9-fold, p = 0.04) populations resulted when HCC1954 cells were treated 

with IC10 tucatinib for 48 hrs in comparison with the untreated control (Figure 8.6). CM obtained from 

SKBR3 cells treated with IC10 tucatinib showed a higher population of HER2+ mEVs, but this increase 

was not significant. In all cases the smallest population for CD9+ or HER2+ was represented by 

lEVs. 
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Figure 8.6. Analysis of the presence of CD9 and HER2 on CM by IFCM. 
Amnis ImageStreamX was used to measure CD9+ events (Left) or HER2+ events (Right) on CM. 

After 48 hrs treatment with tucatinib, EFM192A and HCC1954 seemed to release more CD9+ and 

HER2+ particles compare to their untreated pairs. Representative images of positive events for each 

EVs subpopulation are showed on the top. Graphs are representative of n = 3 experiments ± SEM. 

Multiple unpaired t-test was used to calculate significance: *p<0.05, **p<0.01. sEVs = small EVs; 

mEVs= medium EVs; bEVs= large EVs. 
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8.4.5 Summary of findings 

The following Table 8.5 presents a summary of the key findings from this chapter. 

Table 8.5 List of main observations from the treatment with tucatinib on the cells and the 
obtained conditioned media. 

Cells 

Assay EFM192A EFM192A 
NR HCC1954 HCC1954 

NR SKBR3 SKBR3 
NR 

Resistance to 
tucatinib (IC50) Sensitive Cross-

resistant 
Innate 

resistant 
Innate/ 
cross-

resistant 
Sensitive Cross-

resistant 

HER2 expression 
by FC  

(IC10 treatment) 
↓ (ns) - ↑ (*) - ↑ (*) - 

HER2 expression 
by 

immunoblotting 
(IC10 treatment) 

N.D. - ↑ (*) - ↑(ns) - 

Conditioned media screening (IC10 treatment) 

Assay EFM192A EFM192A 
NR HCC1954 HCC1954 

NR SKBR3 SKBR3 
NR 

IFCM  
(CD9+ events) 

↑ (**) sEVs 
↑ (*) mEVs - N.D. - N.D. - 

IFCM 
(HER2+ events) N.D. - ↑ (**) sEVs 

↑ (*) mEVs - N.D. - 

Arrows refers to the increase (↑) or decrease (↓) under treated compared with untreated control for 

the different parameters. ND= not detected; ns= not significant. *p<0.05, **p<0.01. 
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8.5 Discussion 

For several years, researchers have been focused on investigating how cancer cells are able to 

express intrinsic resistance or are capable to acquire a long-term resistance to anti-tumour therapies. 

Although some advances have been done to elucidate these mechanisms, current efforts are still 

required to unravel all the key factors. It is also important, from a clinical viewpoint, to investigate the 

mechanism of how the cancer cells can evade promptly an anti-tumoral treatment. 

 
Numerous studies have demonstrated the adverse effects of chemotherapy treatment on the release 

of EVs and their implications in cancer progression. Following the administration of chemotherapeutic 

agents, there is an observed increase in EVs’ release, which has been associated with enhanced 

chemoresistance, tumour metastasis, and altered EVs cargo composition. For instance, vincristine-

resistant human oral epidermoid carcinoma cells, KB, treated with vincristine exhibited elevated EVs’ 

release accompanied by increased levels of ABCB1 protein on the EVs’ surface[409]. These EVs were 

capable of transferring ABCB1 to recipient sensitive cells, resulting in the spread of chemoresistance 

to doxorubicin, a substrate of ABCB1. Additionally, EVs released by cisplatin-treated ovarian cancer 
spheroids were found to promote a pro-tumorigenic profile in bone marrow-mesenchymal stem cells 

(BM-MSCs). These EVs increased BM-MSC migration, secretion of IL-6 and VEGF, angiogenesis 

induction, and invasion of the low-metastatic ovarian cancer cell line, Ovcar3[410]. These findings 

highlight the complex interplay between chemotherapy, EVs’ release, and cancer progression, 

emphasising the need for further investigation into the mechanisms underlying these processes. 

However, no specific publications investigating the impact of low-dose anti-HER2 therapies on the 

release of EVs were found. 
 

Here, our aim was to investigate in first place if neratinib-resistant cell variants show cross-resistance 

to tucatinib treatment or if neratinib-sensitive cancer cells have innate resistance. To achieve this, 

we determined the IC50 values for each cell line and their neratinib-resistant variant. Neratinib-

resistant cell variants were found to have a higher IC50 in comparison with their neratinib-sensitive 

counterparts, demonstrating that neratinib-resistance conferred cross-resistance to tucatinib in all 

three HER2+ breast cancer cell variants. Interestingly, HCC1954 cells manifest innate resistance to 

tucatinib in comparison with EFM192A and SKBR3 cell lines. HCC1954 cells were found previously 
to be innately resistant to trastuzumab, but not to lapatinib[411]. This study discovered the increase of 

activation of the PI3K/AKT pathway due to the loss of PTEN or the presence of activating mutations 

in PI3K, was correlated with trastuzumab resistance. Further analysis must be performed to unravel 

the innate resistance to tucatinib and investigate the implication of PI3K/AKT pathway in tucatinib 

resistance, as could have a clinical relevance for patients’ treatment.  

 

Secondly, we investigated if neratinib-sensitive breast cancer cells also show an increased EVs’ 

release after the treatment with low-dosage anti-HER2 therapies to understand how sensitive cancer 
cells acquire an urgent resistance against the treatment under the exposure of low-dose anti-HER2 

agents. We used the IFCM assay on the CM as a small-scale screening assay to identify alterations 
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in EVs’ release from HER2+ cell lines in vitro. In this way, it can be determined whether an inhibitor 

or drug may have an impact on the release of EVs from cancer cells, without the need for long, 

laborious separation of EVs. 

 

Once we established the IC10 and IC50 of each cell line for tucatinib, CM was collected after 48 hrs 

and analysed by IFCM. CM from cells treated with IC10 tucatinib showed higher amounts of CD9+ 
and HER2+ events than their untreated matched counterparts. Interestingly, these differences were 

notable in sEVs and mEVs populations, but only the increment of HER2+ events in the CM derived 

from the innate tucatinib-resistant HCC1954 cells was significant. These results highlighted the 

potential of EVs as a means of monitoring therapy response and as liquid biopsies. These EVs could 

assist in categorising individuals with varying tumour types into specific treatment groups tailored to 

their needs. For instance, HCC1954 cells represent a patient’s tumour and would not gain the benefit 

of tucatinib treatment, with an increase of EVs released carrying HER2 from tumour cells thus 

debilitating the effects of the drug. 
 

However, this screening of CM by IFCM has limitations. For instance, only CD9 was used as EVs 

marker in this assay to compare the CM obtained from untreated and treated cells. CD9 was not 

present in all the EVs subpopulations, and it may be a missing part of the big picture about the effects 

of tucatinib treatment in EVs’ release. Further validation with more EVs markers is therefore needed, 

including markers as CD63 and CD81. In addition, investigating the effect of EVs’ release after 

tucatinib treatment in neratinib-resistant cell variants can also provide new and interesting insights in 
acquire and cross-resistance mechanisms. 

 

There is an increasing emphasis on providing personalised therapy that considers the specific 

characteristics of each patient and their disease. The compelling evidence suggests that EVs offer 

an ideal platform for personalised medicine, not only because they can provide useful information to 

molecularly subtype a patient's tumour to determine the most effective treatment approach, but also 

because they can assess the impact of a specific drug on EV’s release response. The term “liquid 

biopsy," a non-invasive alternative to traditional biopsies, has been long-awaited across various 
medical fields due to its potential for minimally-invasive screening, assessment, monitoring, and 

diagnosis[412–414]. EVs, found abundantly in all bodily fluids and considered a mini-maps of their cells 

or origin, play a vital role in liquid biopsies[414]. Their utilisation in this context can be particularly 

advantageous for diseases that are challenging to diagnose in their early asymptomatic stages, such 

as pancreatic cancer[412,413,415]. Furthermore, the identification of EVs-specific biomarkers that 

contribute to disease could present opportunities for early intervention and treatment[415]. 

 

Existing technologies for assessing drug-target interactions require intricate processing and invasive 
tissue biopsies, which restrict their clinical applicability in monitoring cancer treatment. Recent 

research has developed different analytical platforms that exploit circulating EVs to enable activity-

based evaluation of tum our-specific drug-target interactions in patient blood samples. For instance, 

Pan et al. (2023)[416] developed a technology (extracellular vesicle monitoring of small-molecule 



 

 
224 

chemical occupancy and protein expression; ExoSCOPE) that employs bio-orthogonal probe 

amplification and spatial patterning of molecular reactions within matched plasmonic nanoring 

resonators. It detects changes in the presence of the drug and protein’s profile in molecular 

subpopulations of EVs. This platform was used to monitor various targeted therapies, revealing EVs 

signatures that closely reflected cellular treatment efficacy. ExoSCOPE was also able to accurately 

classify disease status and targeted treatment outcomes 24 hrs after the start of treatment. In 
addition, Wang et al. (2020)[417] showed the viability of monitoring patient treatment responses by 

analysing the EVs’ phenotype changes using a novel multiplex EVs’ phenotype analyser chip. This 

platform incorporates cutting-edge technologies, including the nanomixing-enhanced microchip and 

the multiplex surface-enhanced Raman scattering nanotag system, which allow direct EVs 

phenotyping without the need for EVs enrichment. By using this platform, cancer-specific EVs 

phenotypes from the plasma of melanoma patients were successfully identified, revealing specific 

EVs’ profiles associated with the development of drug resistance and demonstrating the potential of 

EVs phenotyping as a valuable tool for monitoring treatment responses.  
 

It is important to have into consideration that EVs play dual roles in normal homeostatic processes, 

both safeguarding against cancer and promoting cancer and this duality must be considered to 

comprehend the context of EVs' communication as biomarkers or therapeutic agents[415]. Further 

analysis of these EVs released by cells after treatment must be done to decipher new mechanism 

behind the quick response of HER2+ breast cancer cells to the anti-HER2 treatments and to discover 

a potential way to improve small-drug therapies effectiveness (i.e., by inhibiting or enhancing targets 
related with this acquire response).  
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8.6 Conclusion 

Several studies have confirmed that the release of EVs from tumour cells following treatment can 

exert detrimental effects on tumour clearance and facilitate the growth of cancer cells. This occurs 

through the development of resistance to chemotherapy, promoting metastasis, and initiating the 

formation of pre-metastatic niches. Moreover, chemotherapy can induce alterations in the cargo of 

EVs released by cancer cells, allowing the transfer of these changes to neighbouring cancer cells. 

This sets in motion a vicious cycle that adversely impacts treatment outcomes. 
To assess the impact of tucatinib, an anti-HER2 therapy, on EVs’ release, we performed a screening 

assay in the CM by IFCM. An increase of CD9+ and HER2+ events was found in the CM obtained 

from tucatinib-treated cells, HCC1954. Those cells were also found to be innate resistant to tucatinib. 

However, additional validation is necessary, which includes conducting a comprehensive EVs 

separation process. This step will help determine if the screening results accurately reflect the actual 

effect on EVs’ release. 
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9.1 Discussion 

As discussed in Chapter 1, HER2-overexpression occurs in ~20% of breast cancers and confers 

aggressive behaviour and poorer prognosis. Although several drugs such as neratinib have been 

developed to target HER2, it is estimated that up to 70% of patients with HER2-overexpressing breast 

cancer do not gain benefit, due to innate or acquired drug-resistance. 

 

A primary objective of our project was to gain a comprehensive understanding of the mechanisms 
underlying neratinib resistance in HER2+ breast cancer. Additionally, we aimed to explore the 

involvement of EVs in these mechanisms and investigate potential strategies for exploiting 

information carried by EVs. To achieve these aims, we used three HER2+ breast cancer cell variants 

and their neratinib-resistant counterparts previously developed in our group[64,232]. 

 

The EVs’ field is rapidly expanding, with increasing interest in their potential therapeutic applications. 

However, one of the major challenges in this field is the separation and enrichment of EVs from 

complex biological fluids. In Chapter 2, we aimed to compare two commonly used methods for EVs 
separation, dUC and PEG+UC, using CM from the three different HER2-positive cell lines. Our 

results in Chapter 2 show that both dUC and PEG+UC can be used as reproducible methods for 

separating quite pure EVs. However, PEG+UC tended to precipitate more particles and proteins that 

may not be of EVs origin [220].  

Interestingly, our study also showed that the method of EVs separation used can have an impact on 

the characteristics of the recovered EVs. This is consistent with previous studies that have reported 

different outcomes depending on the method of EVs isolation used[105,308]. Therefore, it is important 
to carefully consider the downstream application of the EVs when selecting the method of EVs 

collection. Another important finding of our study is that consideration must be given to the inclusion 

of more than one source of CM (obtained from a single cell line) when EVs separation techniques 

are being compared, rather than using a single or pooled sample that may not generate results that 

can be extrapolated to other samples. This is because our results showed that information on the 

comparison of methods obtained from only one cell line’s CM cannot be assumed to be correct for 

others and so extrapolated. 

 
In order to investigate neratinib resistance mechanism(s) in HER2+ breast cancer and the 

involvement of EVs in this resistance, in Chapter 3 we investigated the changes in proteome 

occurring between HER2-positive breast cancer cell lines and their neratinib-resistant counterparts. 

Proteomic profiling revealed that only one protein was significantly differentially expressed in two 

neratinib-resistant variants compared to the neratinib-sensitive counterparts. Specifically, this 

protein, AGR2, was down-regulated in both HCC1954 NR and SKBR3 NR cell variants compared to 

their neratinib-sensitive counterparts. Although some studies suggested that AGR2 may be involved 

in the development and progression of various cancer types, it is important to note that there is 
conflicting evidence and further research is needed to establish a clear understanding of its role. The 

available evidence regarding AGR2's involvement in cancer has been inconsistent and inconclusive. 
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While it exists evidence of association of AGR2 expression and poor prognosis in patients with ER+ 

or PR+ breast cancer[257,258], the relationship between AGR2 and HER2 has never been investigated. 

In addition, there are no studies regarding its association with HER2-overexpressing breast cancer 

or resistance to anti-HER2 therapies.  

 

In this project and, as per our knowledge, for the first time, we investigated the relationship between 
AGR2 down-regulation and the resistance to neratinib. To study the AGR2’s contribution to neratinib-

resistance, we transfected AGR2 in NR cell variants and performed functional assays to show if the 

restoration of AGR2 expression to neratinib-sensitive levels have an effect in the aggressiveness of 

neratinib-resistance cell variants. When NR cell variants were transfected with AGR2 cDNA 

(producing HCC1954 NR-pcAGR2 and SKBR3 NR-pcAGR2 cells) and the protein was expressed at 

amounts comparable to that in neratinib-resistant counterparts, migration and invasion were reduced 

to levels similar to that of neratinib-sensitive HCC1954 cells. In addition, N-cadherin, an EMT marker, 

was down-regulated in HCC1954 NR-pcAGR2 compared with HCC1954 NR cells, to a similar level 
as showed by the HCC1954 cells. More interestingly, although no changes in proliferation rates were 

observed between transfected NR cell variants and non-transfected cells, resistance to neratinib was 

significantly decreased in both HCC1954 NR and SKBR3 NR cell variants after AGR2 transfection. 

Restoration of sensitivity to neratinib, at least partly, suggests that AGR2 could potentially have 

therapeutic potential as a means of adding value to neratinib. A more detailed investigation is now 

warranted to better understand the relevance of AGR2 in neratinib-resistance; its possible 

involvement in resistance to other HER2-targeted drugs such as trastuzumab, pertuzumab, T-DM1, 
and lapatinib, and its potential use as a biomarker of such resistance.  

 

The proteomic profiling of these six cell line variants discussed in Chapter 3 and included in the 

Appendix II, also showed the down-regulation of RAB3A and flotillin-1 in HCC1954 NR and SKBR3 

NR cell variants, respectively. These proteins are related with EVs’ release mechanisms. Research 

for this thesis then progressed on to performing the complete characterisation of EVs released from 

these neratinib-sensitive and neratinib-resistant cells following MISEV2018 guidelines and 

investigating if EVs released from neratinib-sensitive and neratinib-resistant cells reflect the HER2 
and AGR2 status of their cells of origin. 

 

Chapter 4, thus, aimed to compare the EVs released by neratinib-resistant and neratinib-sensitive 

cell lines using different EVs separation protocols and characterisation techniques. Initially, EVs from 

HCC1954 and SKBR3 cell line variants were separated using a 200K dUC protocol. However, due 

to limitations and variability observed in the results, we moved to a GUC protocol for better EVs 

purity, intactness, and in efforts to maintain functionality of membrane-associated proteins. EVs from 

the three pairs of HER2+ breast cancer cell lines were evaluated and characterised using NTA, 
immunoblotting, TEM, and IFCM. We found a reduction in the number of EVs released by neratinib-

resistant cell lines compared to their sensitive counterparts, collected by both 200K dUC and GUC 

protocols. The decrease in EVs’ release was not due to differences in cell numbers between the 

variants. The presence of HER2 protein on EVs was decreased in the neratinib-resistant isolates 
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compared to the sensitive counterparts as occurred in the cells of origin. This suggests a decrease 

in HER2+ EVs secretion in neratinib-resistant cells and could indicate changes in HER2 trafficking 

and EVs’ release/biogenesis in neratinib-resistant cells. Of note, these results contrast with a 

previous study suggesting increased HER2+ EVs secretion in advanced breast disease[278]. It has 

been demonstrated that chemotherapeutic agents also stimulate the secretion and recycling EVs 

and assisting sensitive cancer cells to develop an urgent resistant phenotype[157]. However, as per 
our knowledge, this is the first time to completely characterise EVs derived from neratinib-resistant 

cell variants, which may involve different EVs’ release mechanisms to those related to the urgent 

response to chemotherapeutic agents. 

 

As mentioned, proteomic profiling of the cell variants performed in Chapter 3 revealed differentially 

expressed proteins related to EVs’ release, which were down-regulated in some of the neratinib-

resistant cell line variants. This suggests that EVs’ release may vary between cancer cell lines with 

different sensitivities or resistance to treatments, and that the cargo of EVs can contribute to 
resistance development to neratinib. We also examined the presence of AGR2 in the EVs derived 

from HCC1954 and SKBR3 cell lines by immunoblotting. However, no conclusive results were 

obtained in the content of AGR2 between neratinib-sensitive and neratinib-resistant-derived EVs. 

Further analysis is needed to determine differences in AGR2 content and its role as a secreted 

protein in the tumour microenvironment. 

 

In addition to evaluating the EVs’ release from neratinib-sensitive and neratinib-resistant HER2+ 
breast cancer cell lines, the microenvironment’s effect of hypoxia on the release of EVs from 

neratinib-sensitive and neratinib-resistant HER2+ cell lines was also investigated (Chapter 5). 

Although previous research established the release of EVs is exacerbated under hypoxic conditions, 

most of these publications did not address the completed characterisation of those EVs or did not 

follow MISEV2018 guidelines. Protein quantities measurements, as a crude surrogate for EVs 

quantities, supported the established hypothesis of increased EVs’ release under hypoxic conditions.  

However, characterisation of EVs using immunoblotting and NTA showed variable results (i.e., while 

IFCM showed an increase of positive events, we observed a decrease in some EVs markers for 
SKBR3-derived 120K isolates). IFCM analysis using CellMask® staining and anti-HER2 antibody 

binding revealed discrepancies with other methodologies (i.e., with NTA, showing opposite trends). 

This chapter also examined the presence of E-cadherin, IL-6, IL-8, and HER2 in the cells and their 

derived EVs. E-cadherin expression decreased in hypoxic SKBR3 cells and was found to be enriched 

in the EVs derived under hypoxia. IL-6 expression increased in all cell lines under hypoxia, and it 

was also enriched in the EVs derived from hypoxic cells. IL-8 was only detected in HCC1954 cells 

and their EVs, but not in EFM192A and SKBR3 cell line variants and their derived EVs. HER2 

expression showed a decrease in cell lysates under hypoxia but was enriched on the surface of EVs 
derived from hypoxic conditions. The increase of these proteins as EVs’ cargo may lead in tumour 

progression, aggressiveness, and resistance to anti-HER2 therapies, as showed by others[334]. We 

also explored the presence of specific miRNAs (miR-21, miR-210, miR-155, and miR-630) in the EVs 

derived from the six HER2+ cell line variants. These miRNAs were selected because they are known 
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to be associated with hypoxic conditions and drug resistance in HER2-targeting therapies. 

Surprisingly, miR-21 was down-regulated in EVs released by hypoxic EFM192A and HCC1954 cells, 

while miR-210 was up-regulated in all EVs released under hypoxic conditions except those derived 

from hypoxic EFM192A NR cells. miR-155 showed mixed results, and miR-630 was not detected in 

EVs derived from hypoxic HCC1954 cell line variants. These findings suggest that hypoxia can alter 

the release and cargo of EVs in a cell-dependent manner, potentially influencing breast cancer 
invasiveness and drug resistance. However, due to the current limitations in EVs miRNA research 

(lack of standardised normalisation strategies, impact of EVs separation methodology on the 

downstream RNA profile, lack of consensus on appropriate mRNA controls in EVs, etc.) these results 

must be interpreted with caution. 

 

Advancing further in this research vein, we decided to assess whether the observed effects of 

hypoxia on neratinib-sensitive and neratinib-resistant HER2+ breast cancer cell lines and EVs’ 

release could also be observed when the cells were cultured in a 3D environment. Generally, utilising 
3D cell culture offers a more biologically relevant setting for studying EVs compared to conventional 

2D cell culture. It allows for exploring the involvement of EVs in diverse diseases and physiological 

processes. Nonetheless, challenges exist in establishing 3D cultures, specifically for the collection 

and characterisation of EVs where large numbers of cells and their conditioned media are typically 

required. The first aim of Chapter 6 was to determine the suitability of a 3D cell culture model using 

an Elplasia® plate for EVs collection, together with a previously methodology for spheroid formation 

based on poly-HEMA coated 96-well plates which was previously used by our group[349]. Here, we 
encountered limitations in the poly-HEMA coated 96-well methodology related to volume limitations 

and the collection of CM without disrupting or absorbing the spheroids. Elplasia®, conversely, offered 

a high number of microcavities per well, allowing for the formation of numerous spheroids, and it 

could accommodate a larger volume of CM, facilitating larger-scale spheroid formation. One 

substantial challenge we faced was the disaggregation of the spheroidsand subsequent cell count 

and viability calculations. In 2D cell culture models, EVs quantification is commonly normalised based 

on the final cell numbers (i.e., numbers of cells that have produced the EVs), which is considered as 

standard practice. However, in 3D models, normalisation of EVs is not standardised, and some 
studies opt for normalisation based on seeding densities or the volume of starting material. However, 

taking into consideration the significant decrease in cell counts under hypoxic conditions compared 

to normoxia, we normalised EVs counts to the protein content of the corresponding cell lysates 

obtained at the time of EVs collection.  

 

Once the suitability of Elplasia® plates for EVs collection from 3D cultured cells was addressed, 

EFM192A, EFM192A, HCC1954, and HCC1954 NR were cultured in 3D conditions under normoxia 

and hypoxia and the EVs were collected. We found that hypoxia affected the roundness, 
smoothness, and compactness of the spheroids, leading to a significant decrease in their diameter 

and volume across all cell line variants. We observed an increase in EVs protein content in EVs 

derived from EFM192A NR, HCC1954, and HCC1954 NR under hypoxic conditions compared to 

normoxia, with significant differences observed in HCC1954-derived EVs. Immunoblotting and flow 
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cytometry analysis revealed cell line-specific differences and oxygen-dependent changes in EVs 

markers. The comparative analysis between 2D and 3D culture under hypoxic and normoxic 

conditions was not yet addressed, but previous studies have demonstrated that 3D cultures exhibit 

a greater release of EVs compared to 2D cultures, and oxygen deprivation can contribute to 

increased EVs’ release[418]. We also investigated HER2 expression in cells and the presence of 

HER2 on the surface of non-lysed EVs. While no significant differences were found in HER2 protein 
levels between spheroids cultured in hypoxia and normoxia, a higher presence of HER2 on the EVs' 

surface was observed in the EVs samples derived from hypoxic EFM192A NR, HCC1954, and 

HCC1954 NR spheroids. Previously research performed in our group established that BT474, 

EFM192A, and HCC1954 cells grown in 3D show a degree of resistance to neratinib and docetaxel 

compared to 2D cell cultures. In addition, some proteins involved in cell growth and survival (Akt, 

pAkt, Erk, and EGFR family of receptors), common drug targets (EGFR and HER2), and a drug-

transporter that confers multiple-drug resistance (PGP) were all increased in those cells grown in 3D, 

contributing to the increase in innate resistance to neratinib and docetaxel[349]. However, this 
comparison was not addressed in their neratinib-resistant counterparts and/or under hypoxic 

conditions. To expand the comparisons not only between 2D and 3D culture but also between 

conditions (hypoxia vs normoxia; neratinib-resistant vs neratinib-sensitive), refinement of the 

spheroid disaggregation step and cell count/viability determination is necessary for improved 

accuracy and reproducibility of the results. 

 

In keeping with the 3D culture and the lack of standardised practices, we decide to develop the first 
global survey of currently used pre-clinical in vitro models for cancer research. The survey provides 

an overview of the current trend in the use of different pre-clinical in vitro tumour models. Despite its 

limitations, 2D in vitro models are still the most used mode, as this is the most straightforward cell 

culture model, less time-consuming and least expensive. Currently, there is an urgent need for the 

establishment of a standard methodology for the cell culture models and their characterisation, as 

that would simplify the improvement of current in vitro models that may be beneficial in pre-clinical 

studies, considering that those may complement or even substitute current methods that are not 

ideal. Additional research to improve pre-clinical in vitro models in cancer research that capture 
elements of tumour complexity and heterogeneity is a must. 

 

Finally, we explored the possibility that the exposure to a low dose of tucatinib (considering that 

factors such as tumour size, location, heterogeneity, and other variables may limit the achievable 

dosage of anti-HER2 therapies) can inadvertently enhance HER2 expression and/or EVs’ release, 

potentially promoting tumour aggressiveness. We first investigated if neratinib-resistant cell variants 

show cross-resistance to tucatinib treatment or if neratinib-sensitive cancer cells have innate 

resistance. Thus, we determined IC50 values for tucatinib for each cell line and their neratinib-
resistant variant. Neratinib-resistant cell variants showed a higher IC50 when compared with their 

sensitive counterparts, demonstrating that neratinib-resistance conferred cross-resistance to 

tucatinib in all three HER2+ breast cancer cell lines studied. Interestingly, HCC1954 cells manifest 

innate resistance to tucatinib compared to EFM192A and SKBR3 cell lines. Moreover, we 
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investigated if neratinib-sensitive breast cancer cells also show an increased EVs’ release after the 

treatment with low-dosage of tucatinib to understand how sensitive cancer cells acquire an urgent 

resistance against the treatment under the exposure of low-dose anti-HER2 agents. Once we 

established the IC10 for tucatinib in each cell line, CM was collected after 48 hrs of treatment and 

analysed by IFCM. CM from cells treated with IC10 tucatinib showed an increase of CD9+ and HER2+ 

events than their untreated matched counterparts. These differences were notable in both sEVs and 
mEVs populations, but only significant in HCC1954 cells. Further analysis of these EVs released by 

cells after treatment is a must to decipher new mechanism behind the quick response of HER2+ 

breast cancer cells to the anti-HER2 treatments and to discover a potential way to improve small-

drug therapies effectiveness (i.e., by inhibiting or enhancing targets related with this acquired 

response). 
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9.2 Conclusion 

The research presented here indicates that neratinib-resistant cell lines display differences in 

proteome profile and EVs’ release compared to their neratinib-sensitive counterparts. Furthermore, 

the resistance to neratinib has been found to be associated with cross-resistance to tucatinib. We 

found that neratinib-resistance is mediated, at least in part, by decreased AGR2 in HCC1954 NR 

and SKBR3 NR cell variants. We also demonstrated that EVs quantities were altered in neratinib-

resistant cell variants compared with their neratinib-sensitive counterparts.  
 

We also demonstrated that EVs’ release is affected under hypoxic conditions as well their cargo. The 

increase of E-cadherin, IL-6, IL-8 and HER2 in/on EVs derived from HER2+ cancer cells under 

hypoxia may have an effect in tumour progression and resistance to anti-HER2 therapies. We also 

evaluated the suitability of the Elplasia® plates to obtain EVs released by spheroids cultured under 

normoxia and hypoxia conditions in an optimum concentration for their characterisation. Finally, we 

also performed the first global survey about the use of preclinical in vitro models in cancer research 

to implement their use and improve the reproducibility and standardisation of the models. 
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9.3 Future work 

The work presented in this thesis provides a basis for future investigations, suggesting several 

possibilities for further exploration. The following examples outline potential areas for further 

investigation based on the work presented. 

9.3.1 Deeper insight on the role of AGR2 in neratinib-resistance 

We demonstrated in vitro that the transfection of AGR2 in neratinib-resistant cell lines restored 

partially the sensitivity to neratinib in those cells. However, more research can be performed to shed 

light in the role of AGR2 in neratinib-resistance. For instance, a blockage of AGR2 in neratinib-

sensitive cells can be performed to evaluate if their resistance to neratinib it is increased after 

blockade. Once the in vitro experiments are done, the next step would be to determinate the effect 

of AGR2 in vivo. For that, the effect of the AGR2 transfection with respect to tumour growth and 
metastasis formation must be addressed. Mouse xenograft models could be used for that purpose, 

by injecting neratinib-sensitive cells, non-transfected neratinib-resistant cells, or transfected 

neratinib-resistant cells. 

 

Although there are studies analysing the association between AGR2 and tumour prognosis in breast 

cancer, the stratified analysis did not consider the differences between HER2, ER, and PR status 

without a clear differentiation between them. In addition, no clinical study relating AGR2 and 

resistance to anti-HER2 therapies was found, including neratinib. Accessing samples from patients 
who have developed resistance to various anti-HER2 therapies to assess the AGR2 status could 

contribute to the enhancement of our comprehension of the relationship between AGR2 and the 

development of resistance, having potential in the clinic as a predictive biomarker for patient 

response to therapy. 

 

9.3.2 Presence of AGR2 in the EVs released from neratinib-sensitive 
and neratinib-resistant cell lines 

So far, only an immunoblotting assay was performed in order to evaluate the presence of AGR2 in 

the EVs release from neratinib-sensitive and neratinib-resistance cell line variants. To better quantify 
the presence of AGR2 in those EVs samples, an AGR2 ELISA will be performed.  

9.3.3 Expand cell characterisation under hypoxia conditions 

In order to better understand the effect of hypoxia on neratinib-sensitive and neratinib-resistant 

cancer cell line variants, the expression of other proteins related with hypoxia may be performed. For 
instance, include in the comparison proteins such as HIF-2α, multidrug resistance protein 1 (MRP1), 

as well as the expression of immunosuppressive cytokines IL-10 and TGF-β1. DNA barcoding to 

evaluate differences between normoxia and hypoxia conditions can be also useful in these terms. 
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9.3.4 Perform a proper 2D and 3D culture comparison 

After demonstrating the suitability of Elplasia® plates to collect EVs derived from spheroids, a 

comparison between 2D and 3D culture could be performed to establish if there are differences in 
terms of EVs’ numbers or the presence of different EVs subpopulations enriched by differences in 

the cell culture methodology used. In addition, investigate the miRNA content in the EVs derived 

from 3D cell cultured cells under normoxia and hypoxia as was performed for those derived from 2D 

cell culture. 

9.3.5 Better characterisation of EVs released from neratinib-sensitive 
and neratinib-resistant cell lines and their cargo 

Characterisation of these EVs can be improved by adding more EVs markers by IFCM, as well as 

including new image techniques (i.e., super-resolution microscopy).  
In order to evaluate not only the EVs number but also their cargo, a proteomic/metabolomic profile 

of the EVs could be performed comparing normoxia vs hypoxia, as well as 2D vs 3D to evaluate the 

changes in the EVs cargo under different conditions.  

9.3.6 Functional assays with EVs derived from hypoxic conditions from 
2D and 3D culture 

Once the EVs from breast cancer cells cultured by normoxia and hypoxia would be collected and 

characterised, functional assays to evaluate how those EVs affect the proliferation, migration, 

invasion, and anoikis-resistance can be evaluated. The purpose would be to investigate if the EVs 

release by hypoxic cells are able to transfer more aggressive behaviours to receiving cells compared 
to those released by normoxic cells. 

9.3.7 Evaluate the mitochondrial activity under hypoxic conditions 

Another line of research that may be interesting is to evaluate the mitochondrial activity under 

normoxia and hypoxia conditions in neratinib-sensitive and neratinib-resistant cell line variants. 
During periods of hypoxia, mitochondria divide and present themselves as individual organelles, 

potentially facilitating mitophagy. This process aids in maintaining a low level of reactive oxygen 

species (ROS) production within the physiological range while preserving the integrity of the 

mitochondria through a reduction in respiratory activity. Evaluating if there is a differential adaptation 

to hypoxia conditions between neratinib-sensitive and neratinib-resistant cells can facilitate the 

discovery of new biomarkers. 

9.3.8 Investigate the connection between AGR2 and hypoxia 

A study performed by Hong et al. (2013)[419] claimed that AGR2 expression is regulated by HIF-1α in 

glioblastoma, while a study performed by Li et al. (2015)[420] reported that AGR2 is an essential 
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regulator in hypoxia-induced doxorubicin resistance through the binding and stabilization of HIF-1α 

in MCF-7 cells. Exploring the expression of AGR2 in the six different cell line variants may help to 

elucidate if AGR2 status change under the presence of low oxygen level (transfected neratinib-cell 

variants could be included in this comparative as well). 

9.3.9 Complete characterisation of EVs released by HER2-positive 
breast cancer cells after tucatinib treatment 

Here we only investigated the presence of EVs in the clarified CM collected from neratinib-sensitive 
cells after 48 hrs treatment with tucatinib. As some interesting results were found in terms of HER2+ 

and CD9+ events by IFCM, the characterisation of the separated EVs collected from neratinib-

sensitive and neratinib-resistant may help to elucidated if the EVs’ release is affected by tucatinib 

treatment as well as evaluate changes in the EVs’ cargo. 
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Appendix I 

Chapter 2 – NTA Supplementary Data 

 
Figure I-1. Representative nanoparticle tracking analysis (NTA) images.  
EFM192A isolates obtained by (A) dUC and (B) PEG+UC; HCC1954 isolates obtained by (C) dUC 

and (D) PEG+UC; SKBR3 isolates obtained by (E) dUC and (F) PEG+UC. 
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Table I-1. Sizes and particles yield, as analysed by NTA. 

  Size (nm)   

 dUC PEG+UC P value 

EFM192A 131.7 ± 17.2 117.7 ± 7.9 ns 

HCC1954 129.4 ± 8.0 119.3 ± 1.8 ns 

SKBR3 125.7 ± 2.0 110.2 ± 6.0 0.04 (*) 

Particle concentration/ml starting CM 

 dUC PEG+UC Fold change P value 

EFM192A 4.20×108 ± 6.37×107 2.99×109 ± 3.20×108 6.9 0.014 (*) 

HCC1954 4.45×109 ± 7.08×108 4.92×109 ± 9.30×108 1.11 ns 

SKBR3 1.33×109 ± 4.66×108 3.65×109 ± 6.9×108 2.75 0.023 (*) 

Data are shown as mean ± SEM of n = 3 and compared with paired t-test (*p<0.05.) 

Table I-2. Comparison of relative amount of protein normalised to ml of starting conditioned 
medium (CM) on samples obtained by dUC versus PEG+UC. 

Relative amount of protein (µg of protein/ml starting CM) 

 dUC PEG+UC Fold change P value  

EFM192A 0.007 ± 0.0007 0.06 ± 0.007 8.3 0.017 (*)  

HCC1954 0.010 ± 0.002 0.034 ± 0.004 3.5 0.014 (*)  

SKBR3 0.028 ± 0.005 0.042 ± 0.007 1.5 0.013 (*)  
Data are shown as mean ± SEM of n = 3 and compared with paired t-test (*p<0.05). 
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Appendix II 

Chapter 3 – Elucidating mechanisms of resistance to neratinib 

in HER2+ breast cancer by proteomic profiling. 

 
Figure II-1. Number of proteins identified per sample.  
After filtering, the number of identified proteins per sample was plotted as a bar plot. NR_EF= 

EFM192A NR; NR_HC= HCC1954 NR; NR_SK= SKBR3 NR; Par_EF= EFM192A; Par_HC= 

HCC1954; Par_SK= SKBR3. Numbers (1-3) refer to each replicate.  
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Figure II-2. Pearson correlation’s heatmap. 
Heatmap depicting Pearson correlations between samples, based on protein intensities. NR_EF= 

EFM192A NR; NR_HC= HCC1954 NR; NR_SK= SKBR3 NR; Par_EF= EFM192A; Par_HC= 

HCC1954; Par_SK= SKBR3. Numbers (1-3) refer to each replicate. 
The heatmap representation gives an overview of all significant proteins (rows) in all samples 

(columns). This allows to see general trends, for instance, if one sample or replicate is different 

compared to the others. Additionally, the clustering of samples (columns) can indicate closer related 

samples and clustering of proteins (rows) indicates similarly behaving proteins. The proteins can be 

clustered by k-means clustering and the number of clusters can be defined by argument k.  
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Figure II-3. Heatmap of log2 mean-centered intensity of 105 differentially expressed proteins. 
Proteins were clustered by k-means with k=8. Hierarchical clustering was applied for the samples. 

NR_EF= EFM192A NR; NR_HC= HCC1954 NR; NR_SK= SKBR3 NR; Par_EF= EFM192A; 

Par_HC= HCC1954; Par_SK= SKBR3. Numbers (1-3) refer to each replicate. 

 

Alternatively, a heatmap can be plotted using the contrasts, i.e., the direct sample comparisons, as 

columns. Figure II-4 emphasises the fact that HCC1954 cell line variants have many biological 
differences with the other 2 pairs of cell lines. 
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Figure II-4. Heatmap of log2 fold-change of 105 differentially expressed proteins in each 
condition comparison.  
Proteins were clustered by k-means with k=8. Hierarchical clustering was applied for the 3 

comparisons. NR_EF= EFM192A NR; NR_HC= HCC1954 NR; NR_SK= SKBR3 NR; Par_EF= 
EFM192A; Par_HC= HCC1954; Par_SK= SKBR3. 
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Figure II-6. Log2 centred intensity heatmap. 
Heatmap depicting log2 centred intensity for each differentially expressed proteins in EFM192A cell 

line variants. Par_EF= EFM192A; NR_EF= EFM192A NR. Numbers refer to each replicate. 

Table II-1. Differentially expressed proteins in EFM192A NR cell variant compared to EFM192A 
neratinib-sensitive counterpart. 

Down-regulated in EFM192A NR Up-regulated in EFM192A NR 

MYL9 TRMT6 

ZADH2 DNTTIP1 

TTC19 
MPHOSPH8 

WIPF2 
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Figure II-7. Gene ontologies and pathways analyses of the differentially expressed proteins 
in EFM192A NR compared to their neratinib-sensitive counterpart ordered by p-value ranking.  
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Figure II-9. Log2 centred intensity heatmap. 
Heatmap depicting log2 centred intensity for each differentially expressed proteins in HCC1954 cell 

variants. Par_HC= HCC1954; NR_HC= HCC1954 NR. Numbers refer to each replicate. 

Table II-2. Differentially expressed proteins in HCC1954 NR cell variant compared to HCC1954 
neratinib-sensitive counterpart. 

Down-regulated in HCC1954 NR Up-regulated in HCC1954 NR 
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Figure II-10. Gene ontologies and pathways analyses of the differentially expressed proteins 
in HCC1954 NR compared to their neratinib-sensitive counterpart ordered by p-value ranking.  
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Figure II-12. Log2 centred intensity heatmap. 
Heatmap depicting log2 centred intensity for each differentially expressed proteins in SKBR3 cell 

variants. Par_SK= SKBR3; NR_SK= SKBR3 NR. Numbers refer to each replicate. 

Table II-3. Differentially expressed proteins in SKBR3 NR cell variant compared to SKBR3 
neratinib-sensitive counterpart. 

Down-regulated in SKBR3 NR Up-regulated in SKBR3 NR 

XDH GNG10 ALDH1B1 
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Figure II-13. Gene ontologies and pathways analyses of the differentially expressed proteins 
in SKBR3 NR compared to their neratinib-sensitive counterpart ordered by p-value ranking. 
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Figure II-14. Representative images of the successful stable transfection after 4 weeks 
puromycin selection.  
(A) HCC1954 NR and (B) SKBR3 NR cells were selected under puromycin presence for 4 weeks. 
Non-transfected cells were dead by the end of the puromycin selection. Images were taken at 10x 

magnification. BF=Brightfield; GFP = Green Fluorescent Protein (GFP) filter. 
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Appendix III 
Chapter 4 – IFCM Supplementary Data 

 

Figure III-1. Imaging Flow Cytometry analysis of the surface of the EVs. 
Amnis ImageStreamX was used to measure double positive events for EVs markers and HER2 on 

HCC1954 variants-derived isolates and SKBR3 variants-derived isolates. Neratinib-resistant (NR) 

cell variants released fewer CD9+HER2+, CD63+/HER2+, and CD81+/HER2+ particles compare to 

their neratinib-sensitive counterparts. Graphs are representative of n = 3 experiments ± SEM. 

Unpaired t test used to calculate significance: *p<0.05. 
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Appendix IV 

Chapter 5 – Effect of hypoxia on EVs’ release and EVs’ cargo

 

Figure IV-1. Representative nanoparticle tracking analysis (NTA) images. 
EVs obtained by dUC from HER+ breast cancer cells under normoxic and hypoxic conditions. 
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Figure IV-2. The relative intensity (AU) of the EVs marker signal on the 120K samples. 
Enrichment of EVs positive markers in 120K EVs samples released from HER2-positive cells under 

normoxic and hypoxic conditions. The densitometric analysis of three independent experiments are 

presented as the mean ± SEM (*p<0.05). 
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Table IV-1. RNA yields (ng/μl) and RNA purities (A260/A230; A260/280) of RNA-EVs samples. 

Sample Replicate Condition RNA yield 
(ng/μl) A260/280 A260/230 

EFM192A 

N1 
Normoxia 0.502 1.93 0.24 

Hypoxia 0.59 1.11 0.14 

N2 
Normoxia 0.784 1.43 0.02 

Hypoxia 0.642 1.14 0.1 

N3 
Normoxia 0.532 2.02 0.09 

Hypoxia 0.5 1.24 0.08 

EFM192A NR 

N1 
Normoxia 0.618 1.4 0.06 

Hypoxia 0.934 1.16 0.04 

N2 
Normoxia 0.834 1.38 0.26 

Hypoxia 0.686 1.65 0.04 

N3 
Normoxia 0.726 1.32 0.13 

Hypoxia 0.812 1.15 0.11 

HCC1954 

N1 
Normoxia 1.64 1.45 0.14 

Hypoxia 1.63 1.12 0.07 

N2 
Normoxia 1.48 1.21 0.16 

Hypoxia 1.44 1.19 0.02 

N3 
Normoxia 3.76 1.96 0.03 

Hypoxia 6.34 1.27 0.29 

HCC1954 NR 

N1 
Normoxia 1.57 1.48 0.01 

Hypoxia 1.71 1.43 0.11 

N2 
Normoxia 1.45 1.66 0.14 

Hypoxia 1.1 1.26 0.12 

N3 
Normoxia 1.54 2.05 0.18 

Hypoxia 2.22 1.46 0.22 

SKBR3 

N1 
Normoxia 1.12 0.98 0.08 

Hypoxia 2.1 1.01 0.06 

N2 
Normoxia 0.966 1.41 0.3 

Hypoxia 1.31 1.4 0.26 

N3 
Normoxia 1.2 2.09 0.02 

Hypoxia 1.86 1.18 0.09 

SKBR3 NR 

N1 
Normoxia 1.07 1.21 0.18 

Hypoxia 1.21 1.59 0.1 

N2 
Normoxia 1.12 1.34 0.09 

Hypoxia 1.62 1.81 0.15 

N3 
Normoxia 1.79 1.8 0.16 

Hypoxia 2.56 1.57 0.22 
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Figure IV-3. RNA purities (A260/A230; A260/280) of RNA-EVs samples.  
Graphs are representative of n = 3 experiments ± SEM. 

 
 

 

 
 

 

 

 

 

 

 
 

 

 

 

 

HCC1954 HCC1954 NR EFM192A EFM192A NR SKBR3 SKBR3 NR
0.0

0.5

1.0

1.5

2.0

Cell lines of origin

R
N

A 
pu

rit
y 

(A
26

0/
A

28
0) Normoxia

Hypoxia

HCC1954 HCC1954 NR EFM192A EFM192A NR SKBR3 SKBR3 NR
0.00

0.25

0.5

Cell lines of origin

R
N

A 
pu

rit
y 

(A
26

0/
A

23
0) Normoxia

Hypoxia



 

 
 

 

xxii 

Appendix V 

Chapter 6 – Additional normalisation based on seeding density 

 
Figure V-1. Protein content of EVs derived from 3D cultured cells was measured by BCA. 
The amount of protein was normalised to millions of seeding cells. Paired t-test used to calculate 

significance: *p<0.05 (n = 3 ± SEM). 
 

 
Figure V-2. The relative intensity (AU) of the EVs marker signal on the EVs samples. 
Enrichment of EVs positive markers in the EVs samples released from HER2-positive cells grown in 

3D culture under normoxic and hypoxic conditions. The densitometric analysis of three independent 

experiments are presented as the mean ± SEM (*p<0.05) 
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Figure V-3. Particle numbers measured by NTA. 
Quantification of EVs particle numbers estimated by NTA and normalise per seeding cells. Error bars 

represent SEM (n = 3). Multiple paired t-test was used to calculate the significance: *p<0.05. 
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Figure V-4. IFCM analysis of EVs derived from 3D cell cultured cells. 
Imaging flow cytometry (IFCM) analysis of EVs samples obtained from 3D cultured cells under 

normoxic and hypoxic conditions. Data was collected by measuring the CellMask cell membrane 

signal (Top) and CellMask together with HER2 signal (Bottom) on the EVs samples obtained from 

two HER2+ cell lines and their neratinib-resistant counterparts. Positive objects were normalise per 

million of seeding cells. Two-way ANOVA was used to calculate significance: *p<0.05 (n = 3 ± SEM). 
 

 

Figure V-4. HER2 ELISA analysis. 
Investigating the HER2 presence on non-lysed EVs isolates under normoxic and hypoxic conditions 

(Bottom). Data are represented as mean ± SEM (n = 3). Multiple paired t-test was used to calculate 
the significance: *p<0.05. 
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Appendix VI 

Chapter 7 – Survey questionnaire 

 
 

Participant Information and Consent 
 
Substantial efforts have been made over recent years to develop in vitro tumour models with 

increased complexity to better represent tumours in the body and to reduce animal testing. However, 

there are still challenges in developing realistic in vitro models that reproduce the complexity of 

tumour tissue and stromal architecture, as it exists in the body. And, although several types of 3D 

culture models are being developed, monolayer (2D) cell-based assays remain an important pillar in 

cancer research. The goal of our research is to collate information on the uses of pre-clinical in vitro 

models and the reasons for the choices made. 
 

We invite individuals, who are 18 years or older and who have knowledge working with pre-clinical 

cancer research models, to please complete this survey, which should take only 15 minutes of your 

time. Participation in this research survey is voluntary. This survey is anonymous, so if you decide to 

take part, responses cannot be withdrawn after submission, as respondents cannot be traced. 

The Survey was designed by me, Sarai Martinez Pacheco (a H2020-MSCA-TRAIN-EV PhD student 

working with Prof. Lorraine O’Driscoll at Trinity College Dublin, Ireland). When the Survey is 

completed, the results will be analysed and disseminated so that we can all learn from this. 
 

This study has been approved by the School of Pharmacy & Pharmaceutical Sciences (SoPPS) 

Level 1 Research Ethics Committee (REC), Trinity College Dublin on 25 May 2019. 

If you have any questions about the survey or need technical support, please contact at me 

smartin6@tcd.ie  
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We really appreciate your input 

Survey questions (* mandatory questions) 
1. By submitting this form, I am indicating that: * 

- I am 18 years of age or older. 

- I have knowledge of working with pre-clinical cancer research models. 

- I have read and understand the participant information above and voluntarily 

agree to participate in this research study. 

§ I consent ➡ Start Survey 

§ I do not consent ➡ End  

 

2. In which country do you work? * 
§ Dropdown Question 
§ Options: List of countries 

 
3. Optional: Please provide the name of the institution where your work is located  

§ Comment box 

 

4. Select your sector* 
§ Checkboxes question 
§ Options:  

- Academia 

- Industry 

- Clinic 

 

5. Which of the following best describes your career stage/ institution role? * 
§ Dropdown question 
§ Options:  

- Undergraduate Researcher 

- MSc Student 

- PhD Student 

- Research Assistant 

- Clinical Researcher 

- Laboratory Technician 

- Post-doctoral Researcher 

- Associate Researcher 

- Senior Researcher 

- Principal Investigator 

- Other (specify) 
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6. Which of the following best describes your field of cancer research? * 

§ Multiple Choice question 

§ Options:  
- Cancer Biology 

- Cancer Genomics 

- Cancer Biomarkers 

- Drug Screening 

- Cancer Drug Sensitivity/Resistance 

- Cancer Immunology 

- Extracellular Vesicles Research 

- Other (specify) 

 

7. What cancer type(s) are you studying? * 
§ Multiple choice question 

§ Options: 
- Lung cancer 

- Brain cancer 

- Skin cancer 

- Liver cancer 

- Bone cancer 

- Colorectal cancer 

- Lymphoma 

- Breast cancer 

- Bladder cancer 

- Stomach cancer 

- Pancreatic cancer 

- Prostate cancer 

- Childhood cancer 

- Endometrial cancer 

- Uterine cervical cancer 

- Thyroid cancer 

- Ovarian cancer 

- Other (please specify) 
 

8. What is your main cell source? * 

§ Multiple choice question 

§ Options:  
- Primary cells 

- Commercially available cell lines 
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- Other (specify) 

9. What type(s) of cells is your main cell source? * 

§ Multiple choice 

§ Options:  
- Cancer cells 

- Stem cells 

- Immune cells 

- Stromal cells 

- Other: (specify) 

If the answer in Q8 is Primary cells and the answer in Q9 is cancer cells ➡ Go to Q10 

All other cases ➡ jump to Q11. 

 

10. Which of the following characteristics best describe your cancer cells? * 
§ Multiple choice 

§ Options:  
- Primary tumor cells 

- Secondary tumor cells 

- Cells obtained from pre-metastatic niche 

- Cells obtained from metastatic niche 

- Other (specify) 
 

11. Do you use co-culture model(s)? * 

§ Yes 

§ No  

If Yes ➡ Q12 

If No ➡ Q13 

 

12. What type(s) of cells do you co-culture with your main cell source? * 
§ Multiple choice 

§ Options:  
- Cancer cells 

- Stem cells 

- Immune cells 

- Stromal cells 

- Other: (specify) 
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13. What type(s) of in vitro tumor model(s) do you use mostly? * 

§ Checkboxes question (at least 1) 
§ Options:  

- 2D Culture 

- 2.5D Culture  

- 3D Culture  

- Other (specify) 
If the answer is: 

If the answer is: Go to: 
2D Q28 

2.5D Q27 

3D Q14 

Other Q28 

2D+2.5D Q27 
2D+3D Q14 

2D+Other Q28 

2.5D+3D Q14-Q27-Q29 

2.5D+Other Q27 

3D+Other Q14 

2D+2.5+3D Q14-Q27-Q29 

2D+2.5D+Other Q27-Q29 

2D+3D+Other Q14-Q29 
2.5+3D+other Q14-Q27-Q29 

2D+2.5D+3D+Other Q14-Q27-29 

   

14. The purpose here is to collect the main characteristics of the 3D culture that you use the 
most. If you use more than one, indicate it later in the survey. 

§ Multiple choice question 
§ Options:  

- (A) Scaffold-based 

- (B)  scaffold-free culture   

- (C) “Specialised” 3D Culture Platforms (Microfluidic cell culture platforms / 
organ-on-a-chip) 

- (D) Hybrid System  

- (E) Other (specify) 

If the answer contains (A) ➡ Q15 

If not ➡ Q16 

 
15. Scaffold-based related questions  
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a. Which of the following types of scaffold-based models do you use to develop your 

model? 

§ Multiple choice question 
§ Options:  

- Natural Scaffold  

- Synthetic Scaffold  

- Semi-synthetic Scaffold (biohybrid) 

- Other (specify)  

- Not applicable 

 

b. Which of the following natural materials do you use in your principal 3D model?  

§ Multiple choice question 
§ Options:  

- Not applicable 

- Matrigel™ 

- Cultrex™ BME, PathClear 

- ECM Gel™ 

- ECL Cell Attachment Matrix™ 

- Geltrex™ 

- HuBiogel™ 

- Collagen 

- Gelatin 

- Fibronectin 

- Fibrin 

- Glucan 

- Hyalouronic Acid 

- Chitosan 

- Alginate 

- Agarose 

- Self-assembling peptides 

- Nanofibrillar cellulose scaffolds (NFC) 

- Other (specify) 

 

c.  Which of the following synthetic materials do you use in your principal 3D model? 

§ Multiple choice question 
§ Options:  

- Not applicable 

- Polyethylene glycol (PEG) 

- Poly(ethylene oxide) (PEO) 

- Poly(acrylic acid) (PAA) 
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- Poly(vinyl alcohol) (PVA) 

- Polyglycolic acid (PGA) 

- Poly-L-lactic acid (PLA) 

- Poly(hydroxyethyl methacrylate) (p-HEMA) 

- Poly(methacrylic acid) (PMMA) 

- TrueGel3D™ 

- Other (specify) 

  
d. Which of the following semi-synthetic materials you use? 

§ Multiple choice question 

§ Options:  
- Not applicable 

- PEGylated protein scaffolds 

- Gelatine methacrylamide (GelMA)-based scaffolds 

- HyStem™ 

- Other (specify) 
 

e.  Is your scaffold functionalised? 

§ Options:  
- Yes ➡ Go to Q15f 

- No ➡ Go to Q16 

- Not applicable ➡ Go to Q16 

 

f. If yes, please give more details on the functionalization: 

§ Comment 
 

16. What technique do you use for the spheroid formation?  

§ Multiple choice question 

§ Options:  

- Not applicable 

- Hanging drop 

- Low attachment plate 

- Magnetic levitation 

- Pellet culture 

- Microgravity bioreactors 

- 3D Bio-printing 

- Matrix-on-top 

- Matrix-embedded 

- Matrix-encapsulation 
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- Spinner flask 

- Micropatterned plates 

- Other (specify) 

 

If the answer in Q14 was:  

If the answer was Go to 
Hybrid system Q17 

Not Hybrid system Q18 
Not Hybrid system, not other, but was Specialised platform Q19 

All other cases Q20 
 

17. If you select Hybrid System, please briefly describe the hybrid system used: 

§ Comment 

 

If the Q14 was Other ➡ Q18 

If the Q14 was not Other and was Specialised platform ➡ Q19 

All other cases jump ➡ Q20 

 

18. If you select Other, please briefly describe the system used: 

§ Comment 

If the Q14 was Specialised platform ➡ Q19 

All other cases jump ➡ Q20 

 
19. “Specialised” 3D Culture platforms related questions. 

a. Which of the following “Specialised” 3D Culture platforms do you use? 

§ Multiple choice question 

§ Options:  

- CellASIC® ONIX Microfluidic Plates 

- Quasi Vivo® 

- Organovo (ONVO)  

- 2-OC and 4-OC (TissUse) 

- OrganoPlate® 

- Other (specify) 

 

20. Do you use co-culture in your main 3D model? 

- Yes ➡ Go to Q23 

- No ➡ Go to Q24 
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21. What type of cells do you culture in combination with your cancer cells in this model? 

§ Options:  

- Other cancer cells 

- Stem cells 

- Immune cells 

- Stromal cells 

- Other: (specify) 

 

22. How many weeks are required for successful establishment of model de novo? 

§ Comment (Insert number) 

 

23. How many weeks are required before using the model for a set of experiments? 
§ Comment (Insert number) 

 

Additional 3D Models 
If you develop/use more than one different 3D culture model, we would appreciate if you could 

complete this part of the survey too 

24. Do you use more than one 3D Culture model? 

§ Options:  
- Yes. ➡ Go to question 25 

- No ➡ Go to question 26 

 
25. Please choose which of the following options best describe your additional 3D models (Tick 

all that apply) 

§ Multiple choice question 

§ Options:  
- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 

- Other (specify) 

 

 



 

 
 

 

xxxiv 

26. Please use this space for additional comments related to 3D-culture (commercial kits used 

to develop the models, biochemical signals, etc.) (not mandatory) 
§ Comment 

 

27. Which of the following strategies do you use for your 2.5D Culture? 

§ Multiple choice question 
§ Options:  

- Microwells 

- Topographic patterning 

- Other (specify)  
 

28. What are the main reasons why you do not use 3D Culture models? 
§ Multiple choice question 
§ Options: 

-  Lack of availability/access 

- Lack of infrastructure 

- Additional cost 

- Lack of experience in appropriate skill 

- Lower throughput 

- Complex, difficult-to-replicate systems 

- Time-limitation 

- Other: (specify) 

 
29. What technique(s) do you use for the analysis of the cells in the model(s)? * 

Please, select the technique(s) carried out for each type of in vitro model. 

 

a. What technique(s) do you use for the analysis of the cells in the 2D model(s)? 

§ Multiple choice 

§ Options:  
- I do not use 2D models 

- Cell viability assays  

- Optical microscopy  

- Electron microscopy  

- Flow cytometry  

- Immunoblot  

- RT-qPCR  

- Cryosectioning 

- Oxygen measurement 

- Other (specify) 
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b. What technique(s) do you use for the analysis of the cells in the 2.5D model(s)? 

§ Multiple choice 

§ Options:  
- I do not use 2.5D models 

- Cell viability assays  

- Optical microscopy  

- Electron microscopy  

- Flow cytometry  

- Immunoblot  

- RT-qPCR  

- Cryosectioning 

- Oxygen measurement 

- Other (specify) 

 

c. What technique(s) do you use for the analysis of the cells in the 3D model(s)? 

§ Multiple choice 

§ Options:  
- I do not use 3D models 

- Cell viability assays  

- Optical microscopy  

- Electron microscopy  

- Flow cytometry  

- Immunoblot  

- RT-qPCR  

- Cryosectioning 

- Oxygen measurement 

- Other (specify) 

 

d. What technique(s) do you use for the analysis of the cells in the other model(s)? 
§ Multiple choice 

§ Options:  
- I do not use 2D models 

- Cell viability assays  

- Optical microscopy  

- Electron microscopy  

- Flow cytometry  

- Immunoblot  

- RT-qPCR  

- Cryosectioning 

- Oxygen measurement 
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- Other (specify) 

 

30. What are the experimental outputs / downstream applications for your in vitro culture 

assays? * Please, select what type of in vitro model you use for the following experiments: 
§ Multiple choice questions 

a. Proliferation/Migration/Invasion assays 

§ Options:  
- I do not do proliferation/migration/invasion assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture 

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 
 

b.  Drug screening assays 

§ Options:  
- I do not do drug screening assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 
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c.  Angiogenesis assays 

§ Options:  
- I do not do angiogenesis assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture 

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 
 

d. Cellular uptake & cellular release assays  

§ Options:  
- I do not do cellular uptake & cellular release assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 

 

e. Immune cell response assays 

§ Options:  
- I do not do immune cell response assays 



 

 
 

 

xxxviii 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 

 

f. Extracellular vesicles´ in vitro function assays 

§ Options:  
- I do not do extracellular vesicle assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 

- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 

 

g.  Gene manipulation assays 

§ Options:  
- I do not do gene manipulation assays 

- 2D Culture 

- 2D Co-Culture 

- 2.5D Culture 
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- 2.5D Co-culture 

- 3D natural scaffold 

- 3D natural scaffold Co-Culture 

- 3D synthetic scaffold 

- 3D synthetic scaffold Co-Culture 

- 3D semi-synthetic scaffold 

- 3D semi-synthetic scaffold Co-Culture 

- 3D scaffold-free culture  

- 3D scaffold-free culture Co-Culture 

- Microfluidic cell culture platforms / organ-on-a-chip 

- Hybrid System 

 

h. Other: Please specify the application and what type of in vitro model you use (not 
mandatory) 

 

31. Have you published on any kind of novel in vitro model? 

- Yes ➡ Go to Question 32 

- No  ➡ Go to Question 33 

32. Optional: Please, include DOI/PMID for the publications. 

§ Comment 

 

33. Do you perform additional in vivo studies in your laboratory? 

- Yes ➡ Go to Question 34 

- No ➡ Go to Question 36 

 

34. If you use in vivo models, please indicate which in vivo model you use  

§ Comment ➡ After this question, go to question 35 

 

35. Is your research based predominantly on in vitro or in vivo studies? ➡ After this question, 

go to Question 37 

- In vitro 

- In vivo 

 

36. If you do not use in vivo models, what are the main reasons for that?  
§ Multiple choice question 
§ Options: 

-  Lack of availability 

- The 3Rs (replacement, reduction, refinement) 

- Lack of resources 
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- Personal choice 

- Other: (specify) 
 

37. How much do you agree or disagree with the following statements? 

§ Rating scale question 

§ Affirmations: 

- If both techniques (in vitro/ in vivo) could achieve the same result, I prefer to 

use an in vitro approach. 

- I am interested using 3D culture models  

- I am reluctant to invest a lot of time and resources into developing a 3D model 

culture as I am not confident of its success. 

- I think that it is still not feasible to completely replace in vivo with in vitro 
models. 

- 2D cell culture models should be completely replaced by 3D cell culture 

models.  

- My main concern with the use 3D culture models is that many assays are not 
adapted for them. 

 

38. From your experience, list the 3 main benefits and 3 main limitations of using 3D in vitro 

culture system 

a. Main benefits (Comment box) 

b. Main limitations (Comment box) 
39. If you would like to suggest how the use of 3D models could be improved to enhance cancer 

research, please do so below (Comment box) 

 

40. If you would like to add any other comments/suggestions/remarks, please do so below 

(Comment box) 
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Thanks Page 
 

 
 

Thank you for your time and effort in completing this survey. 

 

Your input is important to us. When the Survey is completed, we will analyze the information and 
share the outcome. 

 

Please forward this Survey to anyone who you fell might be interested in participating. You can also 

share using the social media sharing buttons that appeared below: 

 

 

 

Figure VI-1. Types of additional 3D models most used by respondents (%). 
Note: some respondents indicated to use more than one additional 3D models. 
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Appendix VII 

Experimental controls for CM screening by IFCM 

Experimental controls used for IFCM analysis of HER2+ breast cancer cell lines CM after tucatinib 
treatment for CD9 positivity are shown. Unstained control and non-conditioned media control (RPMI-

1640 media used cells that were set up the same but was not conditioned by cells) were included  in 

the analysis to determine background of CD9 positivity (Figure VII-1) or HER2 positivity (Figure VII-
2) in the media for EFM192A, HCC1954, and SKBR3 cells. NP-40 controls were included to 

determine if the CD9 positivity detected was derived from EVs in the CM. There was a decrease in 

CD9 in the CM when comparing untreated CM and NP-40 control of EFM192A, HCC1954, and 

SKBR3 cells. 
 

 
Figure VII-1. Experimental controls for CM screening assay by IFCM. 
Representative dot plots from IFCM experimental controls for CD9 positivity, including (Top) 

unstained control and non-conditioned media control; (Bottom) untreated CM media was compared 

with their respective NP-40 controls for each cell line. A final concentration of 2% NP-40 was used. 

Unstained Ctl Media Ctl

Untreated CM NP-40 Ctl

HCC1954

EFM192A

SKBR3
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Figure VII-2. Experimental controls for CM screening assay by IFCM. 
Representative dot plots from IFCM experimental controls for HER2 positivity, including (Top) 

unstained control and non-conditioned media control; (Bottom) untreated CM media was compared 

with their respective NP-40 controls for each cell line. A final concentration of 2% NP-40 was used. 
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Appendix VIII 
Publications, achievements, and presentations 

A. PUBLICATIONS 
 

Research articles: 
- Martinez-Pacheco, S., & O’Driscoll, L. (2021). Evidence for the Need to Evaluate More 

Than One Source of Extracellular Vesicles, Rather Than Single or Pooled Samples Only, 

When Comparing Extracellular Vesicles Separation Methods. Cancers, 13(16), 4021. 
https://doi.org/10.3390/cancers13164021 

- Martinez-Pacheco, S., & O’Driscoll, L. (2021). Pre-Clinical In Vitro Models Used in 

Cancer Research: Results of a Worldwide Survey. Cancers, 13(23), 6033. 

https://doi.org/10.3390/cancers13236033 

 

Published abstracts: 
- Martinez-Pacheco, S., & O’Driscoll, L. (2020). Analysing Extracellular Vesicles from 

Drug-Resistant and Drug-Sensitive Cancer Cells As Potential Predictive Biomarkers in 

the Liquid Biopsy. ISEV2020 Abstract Book, Journal of Extracellular Vesicles, 9:sup1, 

DOI: 10.1080/20013078.2020.1784511 

- Martinez-Pacheco, S., & O’Driscoll, L. (2021). Currently use of pre-clinical in vitro 

models in cancer research: the first global survey. JRC Summer School on Non-animal 

Approaches in Science, May 2021. Alternatives to Laboratory Animals: ATLA, 49(6), 

235–300. https://doi.org/10.1177/02611929211065919 

- Martinez-Pacheco, S., & O’Driscoll, L. (2021). The importance of including multiple cell 
lines when comparing Extracellular Vesicles separation methods: A Differential 

Ultracentrifugation and Polyethylene glycol-based precipitation comparison. ISEV2021 

Abstract Book, Journal of Extracellular Vesicles, 10(Suppl 1), e12083. 

https://doi.org/10.1002/jev2.12083 

 

B. INTERNATIONAL AND NATIONAL CONFERENCES 
 

- Martinez-Pacheco, S., & O’Driscoll, L. Analysing extracellular vesicles from drug-
resistant and drug-Sensitive cancer cells as potential predictive biomarkers in the liquid 

biopsy. International Society for Extracellular Vesicles (ISEV) Conference 2020, Virtual 

(August 2020). 
- Martinez-Pacheco, S., & O’Driscoll, L. Evaluating extracellular vesicles from neratinib-

resistant and neratinib-sensitive breast cancer cells as potential predictive biomarkers. 

Biomedical Sciences Section of the Royal Academy of Medicine in Ireland (RAMI) 

meeting 2021, Virtual (February 2021). 
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- Martinez-Pacheco, S., & O’Driscoll, L. The use of preclinical in vitro models in cancer 

research: results of a worldwide survey. Biomedical Sciences Section of the Royal 

Academy of Medicine in Ireland (RAMI) meeting 2021, Virtual (February 2021). 
- Martinez-Pacheco, S., & O’Driscoll, L. Potential use of extracellular vesicles from 

neratinib-resistant and neratinib-sensitive breast cancer cells as predictive biomarkers. 

Irish Association for Cancer Research (IACR) meeting, Virtual (March 2021). 
- Martinez-Pacheco, S., & O’Driscoll, L. Pre-clinical in vitro models used in cancer 

research: results of a worldwide survey. Irish Association for Cancer Research (IACR) 

meeting 2021, Virtual (March 2021). 
- Martinez-Pacheco, S., & O’Driscoll, L. Pre-clinical in vitro models used in cancer 

research: results of a worldwide survey. Irish Association for Cancer Research (IACR) 

meeting 2021, Virtual (March 2021). 
- Martinez-Pacheco, S., & O’Driscoll, L. Currently use of pre-clinical in vitro models in 

cancer research: the first global survey. Joint Research Centre (JRC) Summer School 
on “Non- animal Approaches in Science”, Virtual (May 2021). 
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