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Abstract 

 

 

Breast cancer (BC) is the most frequent malignancy and the deadliest cancer death in women. It is a 
heterogeneous disease characterized by high variability in tumor morphology, molecular characteristics, and 
clinical response. Development of targeted therapies has revolutionized cancer treatment; however, these 
therapies are associated with increased resistance. Development of novel therapies often fails due to lack of 
representation of the tumor microenvironment (TME), revealing the need for recapitulative models. 

In this thesis, the aim was the pre-clinical evaluation of the therapeutic potential of anti-BC targeted 
therapies resorting to 3D in vitro and ex vivo BC models previously established in the host Lab. Spheroids 
were generated from HER2+ and HER2- BC cell lines (HCC1954 and HCC18906, respectively), encapsulated 
and cultured under agitation. These 3D in vitro models were challenged with antibody-drug conjugates 
(ADCs) derived from the anti-HER2 antibody trastuzumab. In HER2+ spheroids, ADCs caused reduction of cell 
metabolic activity and viability, inducing apoptosis, which was neither observed for trastuzumab nor HER2- 
spheroids. These results corroborated the high specificity and efficacy of the ADCs, previously determined in 
2D cell models.  

In parallel, a patient-derived explants BC model was stimulated with estrogen and challenged with 
endocrine therapies. The results showed maintenance of estrogen receptor alpha (ER) expression and 
signaling. Upon estrogen stimulus, upregulation of ER target genes (PGR, TFF1 and AREG) and 
downregulation of ER transcription and protein levels demonstrated active ER signaling. When challenged 
with endocrine drugs tamoxifen and fulvestrant, the same ER-target genes were downregulated, as 
described for ER antagonists, and fulvestrant showed increased effect compared to tamoxifen, reflecting the 
mechanism of action of these drugs. 

In summary, this work established that these BC models represent useful research tools capable of 
evaluating the potential of novel targeted therapies in pre-clinical drug development and contribute to study 
resistance to current therapies. 

 

 

 

 

 

Keywords: breast cancer; tumor microenvironment; 3D cell models; patient-derived explants; targeted 
therapies; drug assays. 
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Resumo 

 

 

O cancro da mama (CM) é a doença mais frequente e o cancro com maior mortalidade na mulher. É uma 
doença heterogénea, caracterizada por elevada variabilidade tumoral, morfológica e molecular, e resposta 
clínica. O desenvolvimento de terapias dirigidas revolucionou o tratamento do CM; no entanto, estas terapias 
estão associadas a resistência. O desenvolvimento de novas terapias frequentemente falha devido à falta de 
representação do microambiente tumoral (TME), revelando a necessidade de modelos recapitulativos. 

Nesta tese, o objetivo foi a avaliação pré-clínica do potencial terapêutico de terapias dirigidas anti-CM, 
recorrendo a modelos 3D in vitro e ex vivo de CM, previamente desenvolvidos pelo Laboratório de 
acolhimento. Esferoides gerados a partir de linhas celulares HER2+ e HER2- (respetivamente HCC1954 e 
HCC1806), foram encapsulados e cultivados sob agitação. Estes modelos 3D in vitro foram expostos a 
conjugados anticorpo-fármaco (ADCs) derivados do anticorpo anti-HER2, trastuzumab. Em esferoides HER2+, 
os ADCs induziram redução da atividade metabólica e viabilidade celular, induzindo apoptose, que não foi 
observada para o trastuzumab ou esferoides HER2-. Estes resultados corroboraram a elevada especificidade 
e eficácia dos ADCs testados, previamente determinada em modelos celulares 2D. 

Em paralelo, um modelo de explantes derivados de pacientes foi estimulado com estrogénio e exposto a 
fármacos endócrinos. Observou-se a manutenção da expressão e sinalização do recetor de estrogénio alfa 
(RE). Após o estímulo com estrogénio, observou-se regulação positiva de genes-alvo de RE (PGR, TFF1 e 
AREG) e regulação negativa da transcrição e níveis de proteína do RE demonstrou sinalização ativa do RE. A 
exposição a tamoxifeno e fulvestrant induziu uma regulação negativa dos mesmos genes regulados por ER, 
como descrito anteriormente para antagonistas de RE. Ademais, o fulvestrant mostrou um efeito superior 
ao tamoxifeno, refletindo o mecanismo de ação destas terapias. 

Resumindo, este trabalho estabeleceu que estes modelos de CM representam ferramentas de 
investigação úteis na avaliação de novas terapias dirigidas durante a fase pré-clínica do desenvolvimento de 
fármacos e com o potencial de contribuir para o estudo de resistência a terapia. 

 

 

 

 

 

Palavras-Chave: cancro da mama; microambiente tumoral; modelos celulares 3D; explantes derivados de 
pacientes; terapias dirigidas; ensaios de fármacos. 
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Chapter 1. Introduction 

 

1.1. Breast Cancer 
Cancer has always afflicted humans, although for centuries its impact was overshadowed by early death 

from infectious diseases, hunger and wars, as well as lack of diagnosis, thus masking the global cancer 
burden.1 Breast cancer (BC) is the most frequent malignancy in women, a heterogeneous disease 
characterized by a high variability in tumor morphology, molecular characteristics, and clinical response.1 
Over the past 10 to 15 years, treatment regimens have evolved to take this heterogeneity into account, with 
emphasis  on therapies directed to specific molecular targets on the tumor cells and treatment de-escalation 
to reduce amount and intensity of medication while maintaining good outcomes.2 Nevertheless, there is a 
need for novel local and systemic therapeutical approaches against BC, as resistance to treatment is 
increasingly common among patients. Novel therapeutic approaches have been leveraged by the fact that 
knowledge on BC biology evolves and increases continuously, and new molecular targets are identified.2–4 

 

1.1.1. Epidemiology 

1.1.1.1. Incidence, Mortality & Survival Rate 

BC is the most frequently diagnosed cancer in women and the second most common cancer overall with 
2.1 million new cases worldwide in 2018, according to the Global Cancer Observatory (GLOBOCAN).1,5 The 
disease is also the leading cause of cancer death in women globally (627 000 deaths in 2018)5 although a 
steady decline in BC mortality has been observed in numerous countries with high Human Development 
Index (HDI). This reduction is mostly attributable to early detection and efficient systemic therapies, and 
stabilization of incidence rates since 2000, as a result from the publication of two landmark studies 6,7 that 
reported on the harmful effects and increased BC risk from menopausal hormone replacement therapy.1 
Simultaneously, in countries in transition towards higher HDI levels, BC mortality trends have tended to 
parallel the increasing incidence trends that have consistently been observed, as it is example countries in 
Asia and Latin America, prompting World Cancer Report 2020 1 to still predict, globally, a rise in incidence 
rates. Even though, in 2018, the overall survival rate of women diagnosed with BC in the USA was 89% at 5 
years after diagnosis, 83% at 10 years, and 78% at 15 years.8 Unfortunately, and because most cancer 
registries only record the incidence and mortality but not data on relapse, it is unknown how many of these 
women are living with metastatic disease and how many are cancer-free survivors.2 

 

1.1.1.2. Genetic Alterations 

Approximately 10% of BC are inherited and associated with a personal or family history of breast or 
ovarian cancer. These inherited genetic alterations are largely associated with mutation of two high-
penetrance tumor suppressor genes, breast cancer type 1 susceptibility protein - BRCA1 (17q21) and breast 
cancer type 2 susceptibility protein - BRCA2 (13q13), that code for proteins involved in DNA damage repair 
through homologous repair. Even though,  germline mutations of other BC susceptibility genes involved in 
DNA damage repair and maintenance of genomic integrity have been linked to inherited increased BC risk.2 
These mutations may be associated with Li Fraumeni , Cowden and Peutz–Jegher syndromes and include 
genes such as ATM, CHEK2, CDH1, CCND1, NF1, PALB2, PTEN, STK11 and TP53. These encode cell-cycle 
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modulators that in BC are either repressed (for example, the tumor suppressor gene p53) or activated (for 
example, the gene encoding cyclin D1, a protein associated with cell cycle promotion, CCND1), respectively 
inhibiting apoptosis or activating cell proliferation. 2,9–13. 

 

1.1.1.3. Risk Factors 

Elevated incidence rates are attributed to a high prevalence of known risk factors. Reproductive factors 
in general alter sensitivity of the mammary gland to hormonal exposures and changes in gene expression 
patterns resulting in increased proliferation and reduced differentiation, and include early age at menarche, 
later age at menopause, nulliparity, late age at first birth, and fewer children.1,2,8 Exogenous hormone intake 
(as oral contraceptive and hormone replacement therapy) is also closely associated with overall BC risk due 
to hormonal exposure.1,2 Other known risk factors include family history of BC, dense breasts on 
mammography and radiation exposure, which correlates to either inherent or acquired genetic alterations 
that potentiate BC.1,2 In general, lifestyle factors such as alcohol consumption, obesity and unhealthy diet 
are also associated with increased risk of developing BC.1,8 

In opposition, late menarche, early menopause, parity, early age at first birth and breastfeeding are 
known as protective factors, since it reduces a woman’s lifetime exposure to hormones like estrogen, which 
can promote BC cell growth. In particular, lactation induces hormonal changes that delay a woman menstrual 
period, thus decreasing the overall BC risk.1,8 The population attributable risk percentage (PAR%) is used to 
estimate the percentage of disease that could be prevented if a risk factor was removed from the population. 
The PAR% is dependent on the magnitude of the association between the exposure and outcome, as well as 
the prevalence of the risk factor in the population. A recent study that combined data from two large cohorts 
has concluded that considering all risk factors, the PAR% for invasive BC was 70%, meaning that if all women 
were in the lower risk categories, the incidence of invasive BC would be reduced by 70%. When considering 
only modifiable risk factors, namely reduced weight gain, no alcohol consumption, high physical activity, ever 
breastfeeding, and no current hormone usage, BC was associated a PAR% of 34.6%.1,14 

 

1.1.2. Classification and Pathophysiology 

The use of a standardized cancer pathology report with a synoptic checklist of relevant information is 
highly recommended and indispensable for optimal management of BC.15 Consensually, such report should 
provide a complete characterization of the tumor analyzed. Various classification systems are simultaneously 
used, based on histologic type according to the WHO classification system,16 grade of differentiation and 
clinical stage assessed by the TNM classification system (Tumor size, presence of Nodal metastasis, and 
presence of distant Metastasis).17,18 

Despite the inherent molecular heterogeneity of BC, groundbreaking work by Perou & Sorlie 19,20 
established an intrinsic classification system based on distinctive gene expression profiles. The use of 
Prediction Analysis of Microarray within a 50-gene set (PAM50) shifted clinical management of BC to biology-
centered approaches. The expression levels of these 50 genes in the BC tissue is analyzed by hierarchical 
clustering and thus classified in the specific subgroups 21,22 

Currently, both research and clinical practice use a molecular classification where breast tumors fall 
primarily into three BC classes: Luminal, Human Epidermal Growth Factor Receptor 2 (HER2) overexpressed 
and Triple Negative Breast Cancer (TNBC), according to the detection of key receptor proteins (Table 1.1) 
accessed by immunohistochemistry (ER, PR and HER2).23 
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Table 1.1. Breast Cancer molecular subtypes based on the detection of receptors for hormones and growth 
factors. Estrogen Receptor (ER) is expressed only on the luminal subtypes while the Progesterone Receptor 
(PR) has varied expression on the same subtypes. Human Epidermal Growth Factor Receptor 2 (HER2) is 
expressed on Luminal B and HER2-overexpressed breast cancers.23 

 ER PR HER2 

Luminal A + +/- - 

Luminal B + +/- +/- 

HER2 Overexpressed - - + 

Triple Negative (Basal) - - - 

 

1.1.2.1. Luminal Breast Cancer 

Approximately 70% of invasive BC belong to the luminal class (accounting for Luminal A and Luminal B 
subtypes). These tumors are categorized as hormone receptor positive (HR+) tumors and express either the 
estrogen receptor, the progesterone receptor (PR), or both.23 Estrogen receptor alpha (ER) is a steroid 
hormone receptor and transcription factor that, upon estrogen binding, and activation of ER controlled 
genes, promotes breast development, growth and maturation, mainly during puberty, menstrual cycles, and 
pregnancy. During the menstrual cycles, an imbalance between estrogen and progesterone enhances cell 
proliferation and may cause DNA damage accumulation.24 With the repetition of this process at each cycle, 
a defective repair process can occur, by which the usual mechanisms are not enough to repair the DNA 
damage accumulated, leading to preserved mutations in pre-malignant and then in malignant cells. At this 
stage, estrogen activates oncogenic growth pathways in ER+ BC cells, while by a paracrine mechanism 
orchestrates proliferation and morphogenesis, affecting nearby cells in the mammary epithelium, namely 
stromal cells that support cancer development.2,25 

ER ligand binding can modulate gene expression (Figure 1.1) 
by interacting with estrogen response elements (ERE) located in 
the promoter region of specific genes: 26,27 

• Trefoil Factor 1 (TFF1) is an important autocrine factor 
involved in neoplastic progression and tumor invasion;28 

• Amphiregulin (AREG) is a critical autocrine growth factor 
and mitogen of fibroblasts and important factor for 
ductal development in the mammary gland;27 

• Progesterone Receptor (PR) is an important steroid sex 
hormone involved in several key aspects of mammary 
gland development, namely regulation of proliferative 
signaling pathways in the breast.29 

The use of endocrine agents to downregulate ER signaling is the primary systematic therapy for ER+ or 
PR+ BC.29  

 

1.1.2.2. HER2-Overexpressing Breast Cancer 

Patients with amplification or overexpression of HER2 are classified as HER2-overexpressing BC, which 
account for approximately 20% of BC.3,4 HER2 encodes for a transmembrane receptor tyrosine kinase (RTK) 
of the epidermal growth factor receptor (EGFR) family, and consequent aberrant amplification leads to 

Figure 1.1. Estrogen receptor signaling by 
estrogen and inhibition by tamoxifen and 
fulvestrant. Based on Peterson et al., 2015 26 
and Zhu et al., 2006.27 (Image created with 
Servier Medicar Art ©) 
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abnormal cell growth, inhibition of apoptosis, cellular invasion, among others.3,4 HER2+ BC are associated 
with a poorer prognosis than HR+ BC. The HER2 signaling activates proliferation, cell survival, metastasis and 
adhesion through different pathways, such as the rat sarcoma - RAS, phosphatidylinositol 3-kinase / protein 
kinase B - PI3K/AKT and mitogen-activated protein kinase / extracellular signal-regulated kinases - MAPK/ERK 
pathway, thus promoting cancer progression. HER2 activation occurs through receptor dimerization after 
ligand binding, although no HER2-specific ligand has been identified. Even though, tumors that overexpress 
HER2 can benefit from HER2-targeted therapy, including anti-HER2 antibodies and small-molecule tyrosine 
kinase inhibitors (which will be further addressed in section 1.2.2.3).30,31 

 

1.1.2.3. Triple Negative Breast Cancer 

Triple negative tumors represent the most heterogeneous BC class and are comprised largely by the basal 
subtype. TNBC is characterized by the lack of ER, PR or HER2 expression. These tumors account for 
approximately 15% of all BC and have a high risk of distant relapse in the first 3 to 5 years following diagnosis 
and treatment.2,23 These tumors are particularly aggressive, usually large in size, showing rapid growth and 
chemoresistance. Despite recent success with immunotherapies. TBNC currently lacks any form of targeted 
systemic therapy (endocrine and cell-targeted therapies), leaving chemotherapy, at the moment, the only 
option. For all these reasons, TNBC are associated with a lower disease-free survival.23 

 

1.1.3. The Case of Male Breast Cancer 

Male breast cancer (MBC) is a rare malignant form of cancer in men (1 out of 100 cancers diagnosed in 
men) and it represents less than 1% of all BC cases. Its annual prevalence in Europe has been estimated in 1 
out of 100 000 men, and BRCA mutations might be responsible for up to 40% of MBC. In relation to the 
histopathology classification, over 90% of tumors are ER+ and PR+, even though these steroid hormones are 
usually deemed to be particular of women. As such, MBC follows the standard postoperative regimen 
(adjuvant) therapy of BC, namely estrogen receptor antagonists, that will be further addressed in the 
endocrine therapy section (1.2.2.2). Prognostic indicators rely mainly in stage at diagnosis and lymph node 
status, but overall 5-year survival estimates is around 40–65%.16,32 

 

1.2. Breast Cancer Therapy 
BC therapeutic management (Figure 1.2) is dependent on the BC subtype and it is classified as either 

locoregional therapy or systemic therapy, according to whether it is focused on site-directed approaches or 
non-directed bloodstream delivery. In early BC without metastases, women with tumors that are deemed 
operable undergo surgical tumor resection with or without radiation therapy. However, a combined 
treatment with systemic therapy (chemotherapy, endocrine therapy or cell-targeted therapy), is most often 
required.2,3 

For metastatic BC, therapeutic goals are: (1) extend life expectancy and (2) symptom palliation. Currently, 
metastatic BC remains incurable in virtually all affected patients. Although the same categories of systemic 
therapy are used in metastatic BC, local therapy modalities (surgery and radiation) are typically used for 
palliation only in metastatic disease.2,4,33 
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 Figure 1.2. Schematic diagram of breast cancer therapy types and subtypes. 
Based on Karen et al., 2010 34 & Radice & Redaelli, 2003 33 

 

1.2.1. Locoregional Therapy 

Locoregional therapy is a therapeutical modality focused on localized approaches targeted to the site of 
the primary tumor and encompasses both surgery and radiotherapy.  

 

1.2.1.1. Surgery 

Surgery of primary BC provides locoregional control of the disease and consists in resection and removal 
of the tumor, and evaluation of axillary lymph nodes for TNM staging and classification of the extent of cancer 
spread using an alphanumeric code: (T) describes the size of the primary tumor and whether it has invaded 
nearby tissues, (N) describes involvement of regional lymph nodes and (M) describes existence of distant 
metastasis. Based on the determined cancer stage, possibly excision of the affected nodes might be 
needed.2,18  

Standard operative approaches are either (1) a partial excision of the breast, in which only the tumor and 
surrounding tissue is removed (lumpectomy), assuming that no cancer cells are seen at the rim of the tissue 
that was removed upon microscope evaluation (clear margins), or (2) a complete removal of the breast tissue 
(mastectomy).4 However, there has been a trend recently for more conservative procedures (less women-
body disfiguring), i.e., breast-conserving surgery in which as much as possible of the healthy breast tissue is 
retained.2 
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Surgical removal of axillary lymph nodes serves both for diagnostic purpose (determining the anatomic 
extent of the BC) and therapeutic purpose (removal of cancerous cells that may evolve to distant metastasis). 
Surgical decision-making is based on whether axillary lymph node involvement is evident at diagnosis and 
whether preoperative regimen (neoadjuvant) systemic therapy is administered.3,4 

 

1.2.1.2. Radiotherapy 

Radiotherapy is a treatment that, by the use high doses of radiation, kills cancer cells and shrink tumors.  
It has been applied to BC as a local therapy, generally adjuvant to surgery, to control or prevent growth of 
residual tumor cells after surgery and to control metastatic disease. Radiation after surgery is usually 
preferred for patients with the highest risk of locoregional recurrence, with studies showing that it 
significantly reduces the local recurrence rate and mortality.4 Post-operative radiation therapy in BC may be 
delivered to the whole breast, to a portion of the breast (after lumpectomy), to the chest wall (after 
mastectomy), or to regional lymph nodes.4,34 

 

1.2.2. Systemic Therapy 

Systemic therapy is the general designation for the treatments using drugs that, after administration, are 
distributed through the bloodstream, reaching and affecting target cells all over the body. It might be 
prescribed by itself or in combination with locoregional therapy, either neoadjuvant, adjuvant, or both.3 
Neoadjuvant therapy is advised for patients with large tumors, to reduce the tumor burden, or if pre-
operative therapy has prognostic value regarding further treatments to pursue (such as in HER2-positive 
disease or TNBC). The prognostic value derives from information of pathological complete response (pCR) 
which is an absence of all signs of invasive cancer cells in tissue samples removed during surgery or from 
biopsy after systemic therapy.2 Moreover, systemic therapy can be given after surgery (adjuvant) if the 
surgical result or biomarkers indicate increased risk of recurrence.2,4 

BC subtype guides the standard systemic therapy administered, which consists of endocrine therapy for 
all HR+ tumors (with some patients requiring chemotherapy as well), HER2-directed antibody therapy 
(trastuzumab) plus chemotherapy for all HER2+ tumors (with endocrine therapy given in addition, if 
concurrent HR+), and chemotherapy alone for TNBC.2,4 

Chemotherapy, endocrine therapy, and tissue-targeted therapies enhance definitive local therapy 
(surgery, radiation therapy, or both), substantially decreasing cancer recurrence and disease-specific 
death.2–4 These therapies will be described in the following subsections. 

 

1.2.2.1. Chemotherapy 

Chemotherapy regimens rely on the use of cytotoxic and cytostatic drugs for cancer treatment, and may 
be used before, after, or as an alternative to surgery for those cases in which surgical interventions are 
considered unsuitable.3 Chemotherapy is justified for cancers with poor prognosis after surgery, such as 
triple negative breast cancer.4  

Chemotherapy remains an essential treatment also for preventing recurrence in many BC patients. It is 
the only systemic therapy with demonstrated efficacy in TNBC and an important adjunct to endocrine 
therapy and HER2-targeted therapy.35 Nevertheless, alongside surgery and radiotherapy, cytotoxic 
chemotherapy is non-directed, and as such, strong side-effects are a major drawback. These may include 
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pain, nausea, cardiotoxicity, hair loss, and myelosuppression. Several categories of chemotherapy are 
available, being classified as it follows.36 

 

Alkylating Agents 

Originated from the mustard gas used in World War I, alkylating agents are the oldest group of 
chemotherapeutics. These agents bind covalently to DNA via their alkyl group, either twice to one of the DNA 
strands (intra-strand crosslink) or once to both DNA strands (inter-strand crosslink). During cell division, DNA 
strands break leading to apoptosis (programmed cell death).35  

The subtypes of alkylating agents mainly considered are the nitrogen mustards, nitrosoureas, tetrazines, 
aziridines, platinum agents, and non-classical alkylating agents. Within the scope of BC management, 
nitrogen mustards include cyclophosphamide and platinum agents include cisplatin and carboplatin 

(Paraplatin®).37,38 

 

Antimetabolites  

Antimetabolites are chemicals that impair the use of 
the monomeric units of DNA upon cell replication, thus 
having toxic effects, such as halting cell division and 
consequently cell growth, which lends them application 
as chemotherapeutics. These compounds generally 
impair DNA replication machinery by one of these two 
mechanisms: incorporation of chemically altered 
nucleotides, nucleosides or nucleobases or depletion of 
deoxynucleotides needed for DNA replication and cell 
proliferation.38,39 

In the first mechanism these drugs may be analogs of the monomeric units of nucleic acids, either 
nucleobases, nucleosides or nucleotides, that will misincorporate endogenous nucleotides in DNA or RNA, 
leading to nucleic acid synthesis damage that results in induction of apoptosis.38,39 On the second mechanism 
we can find antifolates, chemicals that block the action of folic acid (vitamin B9), a cofactor to various 
methyltransferases involved in serine, methionine, thymidine and purine biosynthesis. Since folic acid is 
required for cell replication, inhibition by these chemicals during the S phase of the cell cycle, impairs DNA 
synthesis.37,39 

In the context of BC chemotherapy, fluoropyrimidines analogues include capecitabine (Xeloda®), a 
prodrug of 5-fluorouracil, and deoxynucleoside analogues include gemcitabine (Gemzar®). 37,39 

 

Anti-Microtubule Agents  

Microtubules are hollow, rod-shaped, cellular structures composed of two proteins: α-tubulin and β-
tubulin. They are required for cell division, among other cellular functions. These filaments are not static 
structures as they undergo constant disassembly into their protein subunits and reassembly into filaments. 
The permanent assembly and disassembly of microtubules serves to link or bundle the filaments or to move 
cytoplasmic organelles along them.40 Anti-microtubule agents are plant-derived drugs (as from Taxus 
baccata and Catharanthus roseus, known also as Vinca) that block cell division by stabilizing microtubules 
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Figure 1.3. Nucleic Acids: Nucleobases, Nucleosides 
and Nucleotides. Adapted from Sagar Aryal, 2018 40 
(Microbe Notes ©) 
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and disrupting the organization and dynamics of the mitotic spindle formed during cell division to separate 
sister chromatids between daughter cells. As a consequence, progression towards M phase of the cell cycle, 
which is responsible for chromosome segregation and cell division, is prevented.37 

Vinca alkaloids and taxanes are the two main groups of anti-microtubule agents, and although both 
groups of drugs cause microtubule dysfunction, their mechanisms of action are opposite. The vinca alkaloids 
prevent the formation of the microtubules, whereas the taxanes prevent the microtubule disassembly. By 
doing so, they prevent cells in division from completing mitosis, however since cancer cells normally divide 
more quickly than other cells, inhibiting cell division harms tumor cells more than other cells. Following this, 
cell cycle arrest occurs, which induces programmed cell death (apoptosis). Additionally, these drugs can 
affect blood vessel formation (angiogenesis), an essential process that tumors rely on in order to grow and 
metastasize. The most common anti-microtubules used in BC management are taxanes, namely, paclitaxel 
(Taxol®) and docetaxel (Taxotere®).37,41 

 

Topoisomerase Inhibitors  

Topoisomerases are the enzymes that control the unwinding of the DNA double helix during replication 
or transcription. They introduce single and double strand breaks in the DNA (topoisomerase I and II, 
respectively)36 Drugs that block the action of topoisomerase II can be divided into topoisomerase II poisons 
and topoisomerase II inhibitors, whether they increase topoisomerase II bound to DNA and induce excessive 
DNA strand breaks, or block the activity of topoisomerase II restraining proper DNA unwinding. The most 
common topoisomerase II inhibitors are anthracyclines, which are cytotoxic antibiotics that by DNA 
intercalation form a stable anthracycline-DNA-topoisomerase II ternary complex that hampers the rewiring 
of double-stranded DNA breaks. In addition, anthracyclines are also known to generate free radicals, which 
can induce oxidative stress to cellular proteins and induce cell death. Anthracyclines used in BC therapy 
include doxorubicin (Adriamycin®) and epirubicin (Ellence®).42,43 

Currently, taxane- and anthracycline-based combination chemotherapy remains the most widely used 
treatment approach for early-stage TNBC patients although, to date, there are no specific guidelines for 
chemotherapeutic management of TNBC. The European Society for Medical Oncology (ESMO) states that 
cytotoxic chemotherapy is the standard of care for the treatment of TNBC and that the choice of the regimen 
should be made after consideration of disease-related factors (previous therapies and response, tumor 
burden, and need for rapid disease/symptom control) and patient-related factors (patient preferences, 
biological age, menopausal status, comorbidities, performance status, and socioeconomic or psychological 
factors).33,36  

 

1.2.2.2. Endocrine Therapy 

Endocrine therapy is a hormone-based targeted modality for oncology treatment that involves 
manipulation of the endocrine system for the pursuit of either inhibition of hormone synthesis or blockage 
of the associated hormone receptors (hormone antagonists), thereby preventing stimulation of a hormone 
positive tumor.4 Endocrine therapy is not effective against cancers lacking hormone receptors but is usually 
considered the standard choice for patients with advanced ER+ BC and non-life-threatening disease, or for 
older patients who are unfit for aggressive chemotherapy regimens.44 Nevertheless, either intrinsic (primary) 
or acquired (de novo) resistance to endocrine therapy occurs in most patients, and significant risk of relapse 
represent a major obstacle to optimal clinical management.3 

Hormonal therapy relies on three major categories, described as it follows.  
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Estrogen Receptor Antagonists  

Estrogen Receptor Antagonists are compounds with variable activity, ranging from a spectrum of mixed 
agonists-antagonists to pure ERα antagonists. The firsts are designated as selective estrogen receptor 
modulators (SERMs) and work by competing with estrogen to bind and modulate ER subunits, resulting in 
dimerization and structural changes of ERα, thus blocking estrogen action and simultaneously inhibiting 
estrogen-responsive gene transcription. The pure antagonists are designated as selective estrogen receptor 
degraders (SERDs) that destabilize ER by binding and inducing ER proteasomal degradation, abolishing the 
ER signaling pathway.29 While SERMs regulation is reversible upon discontinuation of treatment, SERDs cause 
irreversible ER degradation. As such SERMs, as tamoxifen (Nolvadex®) are advised for both early and 
advanced BC in pre- and post-menopausal women as well as men, while, in contrast, SERDs, as fulvestrant 
(Faslodex®) are preferred for metastatic BC of post-menopausal women.4,45 

 

Aromatase Inhibitors  

Aromatase inhibitors (AI) are drugs that hamper estrogen production by inhibition of estrogen synthase, 
(also known as aromatase), an enzyme responsible for a key step in the biosynthesis of estrogens: conversion 
of the enone ring of testosterone, to a phenol, completing the synthesis of estrogen. The rationale behind 
the development of such drugs is that in postmenopausal women estrogen production in the ovaries ceases, 
but in other tissues androgen to estrogen conversion through the action of aromatase is still detectable, 
which is responsible for oncogenic BC cell growth in these patients.44 

When the action of aromatase is blocked, estrogen levels in post-menopausal women can drop to 
extremely low levels, causing growth arrest and apoptosis of hormone-responsive cancer cells.46 Letrozole 
(Femara®) and anastrozole (Arimidex®) are the first line of treatment of BC in postmenopausal women, while 
exemestane (Aromasin®) is an irreversible aromatase inactivator.47 

 

Gonadotropin-Releasing Hormone Agonists  

Gonadotropin-Releasing Hormone Agonists are analogs of gonadotropin-releasing hormone (GnRH) used 
to suppress the synthesis and secretion of estrogen and progesterone from ovaries, achieved by continuous 
inhibition of the anterior pituitary gland (GnRH receptor) in premenopausal women. These analogs suppress 
the release of luteinizing hormone (LH) and follicle stimulating hormone (FSH), which, in turn, reduce the 
main source of estrogen production in the ovaries forming a hypothalamus–pituitary–ovarian axis. Goserelin 
(Zoladex®) in particular is the most relevant drug within this category applied to BC.48,49 

 

1.2.2.3. Cell-Targeted Therapy 

Cell-targeted therapies comprise molecular targeted therapeutics with the ability to precisely identify 
cancer cells with molecular abnormalities responsible for malignant progression of the tumor. A clear 
example is the use of anti-HER2 monoclonal antibodies (mAb) for the treatment of HER2+ BC. Small inhibitor 
molecules have also emerged as a promising therapeutic modality, allowing for cell-targeted delivery of 
anticancer therapeutic agents to the desired tissues with reduced systemic toxicity.50,51 

Anti HER2-targeted therapy might be highlighted in three major categories, described as it follows.  
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Monoclonal Antibodies  

Antibodies (Ab) are glycoproteins belonging to the immunoglobulin (Ig) superfamily that are secreted by 
B cells and play an important role in the immune system to identify and neutralize foreign organisms or 
antigens. Antibodies (Abs) consist of two heavy and two light chains (HC and LC respectively) arranged in 
different isotypes dependent on the heavy chain they contain. Therapeutic monoclonal antibodies (mAb) in 
particular are usually of the γ-immunoglobulin (IgG) isotype.50,52 

An IgG antibody is a large protein of approximately 
150 kDa formed by one isotype with two heavy and two 
light chains linked by disulfide bridges (Figure 1.4). The 
heavy chains comprise a variable domain (VH), a hinge 
region and three constant domains (CH1, CH2 and CH3), 
while the light chains comprise one variable (VL) and one 
constant (CL) domain. The structure can also be divided 
into the fragment antigen binding (Fab) region that is 
composed of one constant and one variable domain of 
both the light (VL and CL) and the heavy (VH and CH1) 
chain and the fragment crystallizable (Fc) domain that is 
composed of two constant domains from both heavy 
chains (CH2 and CH3).50,52 

The specificity of Abs is mediated by their variable domains and represented by the Fab region. The 
variable domains can be further subdivided into hypervariable regions (or complementarity-determining 
regions - CDR) which bind to the antigen directly and framework regions which serve as a scaffold for the 
CDR to contact the antigen. Circulating antibodies protect the host organism in two ways: by directly binding 
and neutralizing toxins, or by activating the host immune response, mainly through two pathways: (1) binding 
and activation of complement C1q on the Fc region resulting in the formation of the membrane attack 
complex lysing the target cell (“complement dependent cytotoxicity” - CDC); or (2) initiation of a cellular 
response (“antibody dependent cellular cytotoxicity” - ADCC) occurring through binding of Fc receptors 
(CD16, CD32, and CD64) on natural killer cells, monocytes and macrophages to the opsonized target.50,52 

The ability of mAb to bind to specific antigenic epitopes allowed them to be utilized not only as a biological 
tool for diagnosis but also as cancer therapeutics that specifically target a tumor antigen predominantly 
overexpressed in target cells while having minimal expression on healthy cells.50 As of December 2020, over 
80 therapeutic monoclonal antibodies were approved in the EU, and 100 in the US, 13 of which approved in 
2020, a record for a single year.53 The anti-HER2 mAb trastuzumab (Herceptin®) is a recombinant humanized 
monoclonal antibody. It was developed by grafting just the murine hypervariable regions from the mAb 4D5 
clone onto a human kappa IgG1, resulting in molecules that are approximately 95% human. Trastuzumab is 
specific against the extracellular domain (ECD) of the HER2 protein. It was first approved by the Food and 
Drug Administration (of United States of America) in 1998 and is one of the major achievements in BC 
therapy, being the standard-of-care drug for HER2+ BC management.51 Nevertheless, the mechanism of its 
anti-tumor action has not yet been fully elucidated. Several molecular and cellular effects have been 
observed in experimental models, and the most accepted mechanisms include: 

• Inhibition of HER2 extracellular domain (ECD) shedding, that reduces activation of HER2 ECD and 
lower serum levels which are associated with increased responsiveness to endocrine therapy;51,54 

• Suppression of angiogenesis and downregulation of vascular endothelial growth factor (VEGF) 
pathway that support tumor growth by formation of new blood vessels;51 

Figure 1.4. Structure of an immunoglobulin. 
(ThermoFisher Scientific ©) 
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• Induction of antibody-dependent cell-mediated cytotoxicity (ADCC) via recruitment of natural killer 
(NK) cells targeted to the tumor;51 

• Downregulation of PI3K/AKT, MAPK/ERK or phosphatase and tensin homolog - PTEN pathways that 
result in cell cycle arrest and inhibition of tumor growth.51 

The high response rates prolonged the time to disease progression and lowered the risk of death when 
compared to standard chemotherapy. Nonetheless, cardiac dysfunction has been reported as the main toxic 
side-effect upon trastuzumab treatment, as explained by the essential role of HER receptors for cardiac 
development.51 Other antibodies approved for BC therapy include pertuzumab (Omnitarg®) and 
extumaxomab (Rexomun®).52 

 

Antibody Drug Conjugates (ADCs) 

Antibody Drug Conjugates (ADCs) are designed to selectively deliver toxic small molecules specifically to 
cancer cells. A mAb is covalently conjugated via a molecular linker to one or more cytotoxic agents (also 
called “payload”), which dictates the administered dose. The ratio of conjugated cytotoxic molecules per 
antibody is known as Drug-Antibody Ratio (DAR).55 

The mechanism of action of an ADC is 
represented in Figure 1.5. An ADC in 
circulation (Figure 1.5. Step 1) binds to a 
specific antigen on the surface of a cancer cell 
(Figure 1.6. Step 2) and is internalized through 
endocytosis (Figure 1.5. Step 3), following 
cleavage by proteases in the lysosomes (Figure 
1.5. Step 4). Here, the cytotoxic payload is 
released in a bioactive form (Figure 1.5. Step 
5) to exert its function and kill the malignant 
cell (Figure 1.5. Step 6), usually disrupting DNA 
or microtubules (as auristatins and 
maytansines), or inhibiting RNA polymerase or 
topoisomerase (as exatecans).55 

The selective delivery of ADCs to a specific target cell represents a clear improvement in respect to 
untargeted chemotherapy, as it lowers the minimum effective dose by increasing the amount of drug 
effectively reaching the tumor (typically, less than 2% of the systemically administered dose of small-
molecule chemotherapeutics is reported to reach the intracellular target 56), and it increases the maximum 
tolerated dose (MTD) by decreasing the amount of free drug reaching normal tissues. As such, affinity and 
specificity of ADCs for the target antigen are critical points to achieve highly efficient therapies. However, 
this is only accomplished when a stable linker prevents releasing of the toxic payload to non-target cells. As 
such, the linker must be strong enough to allow the circulation of the ADC through the bloodstream without 
being prematurely released off target, for instance upon cleavage by circulating proteases.57 

Cleavable linkers are organized in acid labile (stable in blood at neutral pH but cleavable at acidic pH found 
in lysosomes), protease cleavable (stable in plasma but designed to be cleaved by specific proteases found 
in lysosomes) or disulfide linked (that are conjugated through disulfide linkage and exploit the high level of 
intracellular reduced glutathione to release the free drug).55,57  

Figure 1.5. Mechanism of action of an Antibody Drug Conjugate 
(ADC). Adapted from Peters & Brown, 2015 55 
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Non-cleavable linkers consist of stable bonds that are resistant to proteolytic degradation, ensuring 
greater stability than cleavable linkers. Non-cleavable linkers rely on complete degradation of the antibody 
component of ADC by cytosolic and lysosomal proteases, which eventually liberates a payload molecule 
linked to an amino acid residue derived from the degraded antibody. As such, when coupled with a non-
cleavable linker, the payload structure must be carefully selected and designed so that the payload itself can 
exert comparable or even better anti-tumor potency in such a modified form.55,57  

Moreover, the conjugation strategy also dictates important properties of an ADC, namely if it results in a 
Heterogeneous or Homogeneous ADC. Heterogeneous ADCs are a mixture of different immune conjugates 
that differ in the site and stoichiometry of payload conjugation. These first-generation ADCs are synthetized 
using conventional conjugation methodologies, using solvent accessible amino acids such as lysine or 
cysteine derived from the reaction of the interchain disulfide bonds in the antibody. Heterogeneous ADC 
production affords a mixture of ADC species with broad distribution of the DAR and different conjugation 
sites that may lead to reduced efficacy and higher potency whether naked antibodies or high-loaded species 
are produced. Additionally, a high DAR is correlated to a more hydrophobic environment and as such there 
is an increased risk of ADC aggregation that leads to instability and potential premature release of the 
cytotoxic drug. Despite these inherent drawbacks, heterogeneous conjugation has yield some of the first 
ADCs approved by the Food and Drug Administration (of United States of America). Nevertheless, many of 
these weaknesses have been overcome by the new ADC generation, next described.55,57,58 

Homogeneous ADCs represent an advance over heterogeneously conjugated ADCs. These second-
generation ADCs were developed employing technology innovations that allowed for novel conjugation 
strategies. Homogeneous ADCs contain a specific number of conjugated drug molecules at defined sites of 
the antibody, achieving increased potency, safety and stability over heterogeneous conjugated ADCs. 
Recently, some homogeneous ADCs have been approved, paving the way for the implementation of more 
homogeneous ADC-based therapies. Several are currently undergoing clinical trials. Homogeneous ADCs can 
be obtained through different methodologies: 55,57,58 

• Thiomabs, where a genetically modified antibody contains a single point mutation to a cysteine 
where the cytotoxic drug is conjugated in a selective manner. 

• Unnatural amino acids, where non-canonical amino acids, as selenocysteine or acetylphenylalanine, 
are added similarly to thiomabs allowing conjugation in specific locations. 

• Enzymatic conjugations, where site-directed conjugations are driven by enzymes that selectively 
modify antibodies with unique functional groups. 

• Linker-based approaches, where site-directed conjugations are achieved by chemically driven 
processes through linker. 55,57,58 

Due to the vast advantages associated, ADCs represent one of the most intensely developed biologic 
drugs by biopharma companies recently, and it is anticipated to grow at a large pace in the upcoming years. 
Currently there are two ADCs approved by the Food and Drug Administration (of United States of America) 
commercially available for HER2+ BC treatment: T-DM1 and T-DXd, both produced following heterogeneous 
conjugation strategies.55,58 
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The first, trastuzumab emtansine (Kadcyla®), 
approved in 2013, consists of the anti-HER2 humanized 
mAb trastuzumab covalently linked to DM1, a 
maytansinoid derived microtubule inhibitor. DM1 is 
linked via the non-reducible thioether SMCC linker of 
the sulfhydryl groups and primary amines of the 
antibody lysines (Figure 1.6), with a DAR of 3.5.55,58 
DM1 is a thiol-containing maytansinoid-derived, also 
named emtansine, or mertansine in its free form; it was 
initially isolated from the plant Maytenus ovatus, but 
with the increasing interest on its anti-tumorigenic properties, has been synthetized by several published 
reactions.59,60 

According to the European Medicines Agency (EMA), Kadcyla® is indicated for early breast cancer 
adjuvant treatment of adult patients with HER2+ BC who have residual invasive disease, in the breast and/or 
lymph nodes, after neoadjuvant taxane-based and HER2-targeted therapy. In metastatic breast cancer, 
Kadcyla®, is indicated for the treatment of adult patients with HER2+ BC, or with unresectable locally 
advanced BC who previously received trastuzumab and taxanes and which have developed resistance to 
adjuvant therapy.61 

Most recently, in 2019, trastuzumab deruxtecan (Enhertu®) was approved. It consists of the same anti-
HER2 humanized monoclonal antibody, trastuzumab, covalently linked to the exatecan-derived 
topoisomerase I inhibitor (deruxtecan, DXd ), via a protease-cleavable maleimide tetrapeptide-based linker, 
with a 7.8 DAR.58 Currently, Enhertu® has a conditional authorization of EMA for the treatment of adult 
patients with unresectable or metastatic HER2+ BC who have priorly received two or more anti-HER2 based 
regimens.62  

Trastuzumab-vcMMAE (T-MMAE) is another trastuzumab derived ADC that uses the cytotoxic payload 
monomethyl auristatin E (MMAE), a mitotic inhibitor that inhibits cell division by disrupting microtubules.63 
This ADC has been used in clinical trials since 2015 with promising results, but it has not yet been approved.58 

 

Small-Molecule Tyrosine Kinase Inhibitors  

Small-Molecule Tyrosine Kinase Inhibitors (TKI) are small membrane-permeable synthetic compounds 
that block or compete with the ATP binding site of the catalytic domain of several oncogenic tyrosine kinases, 
thus inhibiting the intracellular downstream signaling cascade stimulated by a receptor, blocking tumor 
growth. Although tyrosine kinase inhibitors can target both intra- and extracellular domains of EGFRs, they 
show a lower specificity when compared to mAbs, which can translate in a higher toxicity. Additionally, TKIs 
were found effective to target different cell-signaling pathways associated with BC, as the MAPK/ERK, 
PI3K/AKT, signal transducer and activator of transcription 3 - STAT3 and protein kinase C - PKC pathway. 
Hence, TKI treatment also reduces the chances of eventual drug resistance development due to cross-
signaling of the referred pathways.34,51,64 

TKIs are often used as adjuvant therapy to chemotherapy and trastuzumab as it lowers recurrence rate 
in HER2+ BC. The most used TKIs in BC are lapatinib (Tykerb®), neratinib (Nerlynx®) and tucatinib (Tukysa®).65 

 

Figure 1.6. Representation of structural components of 
the antibody drug conjugate trastuzumab-emtansine. 
Cruz & Kayser, 2019 55 
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1.3. The Role of Tumor Microenvironment 
Treating cancer has been challenging, partly because of 

the complexity and phenotypic heterogeneity of tumors, 
often leading to resistance to standard therapies. This 
complexity reflects the interaction between the tumor cells 
and their microenvironment (Figure 1.7).66,67 The tumor 
microenvironment (TME) consists of stromal cells (such as 
fibroblasts and mesenchymal cells), endothelial cells (EC), 
and immune cells (both adaptative immune cells such as 
lymphocytes and innate immune cells, such as macrophages 
and dendritic cells). The complex interaction and molecular 
crosstalk between these different cell types influence and 
support the physiopathology, structure, development and 
progression of the tumor.68,69 

Besides the expansion of neoplastic cells, non-transformed cell types dynamically co-evolve with the 
tumor cells, so that both continuously participate in the changes inherent to the process of tumorigenesis. 
The orchestration of these changes involves recruitment of fibroblasts, matrix remodeling, development of 
vascular networks by endothelial cells and migration and activation of immune cells. Additionally, an 
adaptive, continuous molecular crosstalk exists between tumor cells and their surroundings, mediated not 
just by direct cell contact with stromal and immune components, but also through secreted signaling factors 
such as cytokines, chemokines and growth factors.70 These interactions, together with other selective 
pressures such as hypoxia, acidity and nutrients availability, actively shape the tumor development.70 

Next, an overview of some of the most relevant TME components is presented. 

 

1.3.1. Tumor Stroma 

Fibroblasts are an abundant mesenchyme-derived cell type that maintains the structural framework in 
tissues. Quiescent fibroblasts differentially respond to damage, such as wounding, and become activated to 
support tissue repair. Although normal fibroblasts typically suppress tumor formation, cancer-associated 
fibroblasts (CAFs) can significantly promote tumorigenesis through provision of various growth factors, 
hormones and cytokines. CAFs are the most prominent cell type within the tumor stroma of many cancers; 
they are reported to stem from resident local fibroblasts, bone marrow-derived progenitor cells or trans- 
differentiating epithelial cells.67 Compared with normal tissue fibroblasts, CAFs have increased proliferation, 
enhanced extracellular matrix production and unique cytokine secretion (for example stromal cell derived 
factor 1 - SDF1, vascular endothelial growth factor - VEGF, platelet derived growth factor - PDGF and 
hepatocyte growth factor - HGF). In addition, CAFs have been associated with extensive tissue remodeling 
mediated by augmented expression of proteolytic enzymes, deposition of extracellular matrix and induction 
of pathogenic angiogenesis by liberating pro-angiogenic factors within the matrix. As such, the abundance 
of stromal cells correlates with increased aggressiveness and poor prognosis.70,71 

 

1.3.2. Vasculature 

The tumor vascular network is dynamic and can either limit or support tumor growth. Vascular networks 
are derived through formation of new vessels (angiogenesis), modification of existing vessels within tissue, 

Figure 1.7. Cellular heterogeneity of the tumor 
microenvironment. Junttilla & De Sauvage, 2013 70 
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or recruitment and differentiation of endothelial precursors from bone marrow (vasculogenesis), all of which 
contribute to vascular heterogeneity. Uneven vascularization and differences in vascular maturity combined 
with a lack of drainage due to poor lymphatic vessel coverage contributes to the complex topography and 
variable interstitial pressure within tumors. Inadequate function of poorly organized tumor vasculatures 
results in areas of hypoxia and limited nutrient supply that promote oncogenic pathways. Moreover, distance 
from blood vessels generates a gradient that is crucial in the impairment of drug distribution to all cells within 
the tumor.68,70 

 

1.3.3 Tumor Immune Component 

Usually, the immune cells cooperate to recognize foreign substances (e.g., pathogens) and protect tissues 
from infection and damage. However, both the innate and adaptive immune systems have been implicated 
not only in preventing but also, if dysregulated, in promoting tumor growth through different mechanisms.72 
Immune cell recruitment and localization within the tumor vary widely and are influenced by various cues, 
including factors secreted by CAFs, the extent and permeability of the vasculature, and the tumor cells 
themselves.67 These clues can lead to the generation of an immunosuppressive microenvironment and 
continuous engagement of inhibitory receptors on T-cells, preventing antitumor T-cell response.70 B-cells 
may either suppress or support T-cell function, resulting in differential effects on tumorigenesis. B-cells also 
promote tumor progression by enhancing pro-tumoral inflammation.70 At this point, recruitment of 
immunosuppressive myeloid lineages (such as neutrophils, dendritic cells and monocytes) to the tumor site, 
not only suppresses adaptive immunity but also fosters angiogenesis through the secretion of VEGF, basic 
fibroblast growth factor - bFGF and transforming growth factor batea - TGF-β. Furthermore, mast cell 
recruitment has been implicated in tumorigenesis and angiogenesis, and tumor-associated macrophages can 
also drastically support tumor progression once polarized into an M2 phenotype.70 

 

1.4. Experimental Models in Cancer Research 
Cancer is a complex heterogeneous disease that encompasses diverse cell types, ECM components, and 

numerous soluble factors. To recapitulate the TME is not easy and indeed is one of the most challenging 
tasks in experimental cancer modeling, but simultaneously one of the most relevant ones to assure the 
representativeness of the model. 

The models classically used in cancer biology and drug discovery are generally highly reductionist and do 
not represent accurately the drug response observed in the patient.73 These cancer models do not 
incorporate the complexity or heterogeneity of a human tumor in situ. As such, around 95% of new 
anticancer drugs eventually fail in clinical trials, showing lack of efficacy (despite robust indications of activity 
in existing in vitro and in vivo pre-clinical models), which is the major motive for failure in phase 2.74,75 

Innovative models that better capture human tumor biology are thus required. Here, a summary of the 
characteristics, with both advantages and limitations, of classical and innovative cancer models are 
described, namely 2D and 3D models, ex vivo and in vivo patient-derived models and a description of 
controlled culture systems. 
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1.4.1. 2D and 3D Cancer Models 

1.4.1.1. 2D Cancer Models 

Since HeLa cell line establishment in 1951, cell culture was introduced as a tool to screen in vitro 
compounds with antitumor activity, using cells grown and passaged indefinitely on plastic surfaces, in 
semisynthetic medium. However, the correlation between in vitro culture, in vivo results, and clinical 
responses was very poor.73 Nevertheless, the introduction of a panel of 60 cell lines by National Cancer 
Institute (NCI-60) and the sequencing and characterization of human genome in recent decades has led to 
the establishment of more comprehensive panels of cell lines that could be used by researchers around the 
globe. It has been shown that cancer cell lines retained the genetic properties of the original cancers, and 
that most of the oncogenic alterations identified in tumor tissues are also present in cancer cell lines.76 
Experimental data generated using these lines allowed for more coherent and systematic studies that 
deepened the mechanistic knowledge on cancer.77 

To date, monolayer 2D tumor cell cultures growing in plastic remain a valuable tool to dissect molecular 
pathways. However, as referred above, the tumor is described by a complex and heterogeneous 
environment that is not only composed by tumor cells, but also immune cells, stromal cells, endothelial cells, 
and others. As such, co-cultures with other tumor-associated cells as fibroblasts, macrophages or endothelial 
cells allowed for the introduction of tumor stroma components, with increasing model complexity and 
recapitulation of the tumor microenvironment.73 

 

1.4.1.2. 3D Cancer Cell Models 

Without neglecting that current 2D models still have their space, even complex 2D co-culture models still 
ignore an important feature, which is that solid tumors grow in three dimensions (3D).77 

While migration in 2D is governed by classic polarized signaling and mechanical patterns that are often 
not crucial for effective migration, in 3D there are more modes of motility that are very complex and take 
into consideration ECM stiffness and geometry.78 As a consequence, it has been shown that 2D systems 
result in cell metabolism and physiology that is different from the in vivo response.73 For instance, some 
important cancer cell features (such as morphology, genetic profile or tumoral heterogeneity, or even ER 
signaling in the specific case of BC) are not 
correctly modeled in 2D cultures. The 3D cell 
culture platforms help to circumvent these 
limitations by preserving the tridimensional 
arrangement of cancer cells.69 

Over the years, several techniques have 
been developed to cultivate cells in 3D (Figure 
1.8), which include: 

• Liquid overlay technique, which 
prevents cells from attaching to the 
vessel surface using a non-adherent 
coating (ex. ultra-low attachment plates 
with round bottom), 73 

• Aggregating cells by gravity, at the 
bottom of a drop (“hanging drop”), 73 

Figure 1.8. Two- and three-dimensional cell culture systems. (A) 
Conventional 2D monolayer (co-) culture. (B) Spheroid 3D (co-) 
cultures: (1) Non-adhesive coating; poly hema, ultra-low 
attachment or agarose, (2) hanging drop method, (3) stirred tank-
based culture. (C) Matrix embedded 3D (co-)cultures either 
derived from single cells or pre-formed spheroids. Adapted from 
Hickman et al., 2014. 73 
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• Creating spheroids in stirred-tank culture systems, such as spinner flasks, or stirred-tank bioreactors, 
by preventing cells in suspension from settling and by promoting cell-to-cell collisions via constant 
stirring. 73 

After initial aggregation, cells generally start to secrete extracellular matrix (ECM) components and 
upregulated proteins mediating cell–cell interactions and contacts.73 Resultant 3D spheroids are relatively 
compact and stable microstructures with gradients of proliferating cells, oxygen levels, and nutrition supplies 
decreasing from the periphery toward the spheroid center. These physiological characteristics of the 3D 
spheroids closely resemble avascular tumor nodules, micro-metastases, and inter-vascular regions of large 
solid tumors.79,80 

A spheroid mono-culture system, however, still lacks the aforementioned diversity of cell types present 
in TME. Investigators have addressed this issue by mixing tumor cell spheroids with fibroblasts, monocytes, 
endothelial cells, among others. This resulted in cell-to-cell communication, either by paracrine (secretion of 
hormones, pro-inflammatory cytokines or ECM components and remodeling enzymes) or by juxtacrine 
signaling, thus altering cell behavior and recreating an invasive and immunosuppressive TME.73,81,82 Among 
several studies, Singh et al., 2016 79 have shown that heterotypic cell–cell and cell-ECM crosstalk promote 
3D spheroid formation and affect inter-cellular signaling and gene expression of tumor cells, resulting in 
altered tumor cell proliferation and migration. Nevertheless, extensive characterization and validation of the 
3D spheroid models for different cancer pathologies is still required in order to understand how closely they 
resemble the biological properties of in vivo tissue, including growth kinetics, gene expression, the 
architecture of signaling cascades, and drug treatment responses.73,74 

Although the referred arguments might suggest that 3D culture should always be used, the lack of a 
universal 3D model appropriate for every application, together with the ease of manipulation of 2D culture 
are the main reasons why the platform of choice is most often dictated by the specific application intended 
and the object of interest. 69 

 

1.4.1.3. Scaffold-Based Approaches 

As aforementioned, ECM represents a key aspect of TME.82 As such, models based on tumor cell 
spheroids freely floating in liquid medium are unable to accumulate ECM produced and remodeled by the 
different cell types of the TME.83 

Scaffolds are 3D structures produced from materials with tunable porosities, permeability, surface 
chemistry, and mechanical properties to serve as a surrogate of the ECM and 3D architecture. Due to their 
porosity, scaffolds provide a mechanical support for single cells or spheroids and provides support for 
accumulation of secreted ECM. A particular class of scaffolds, the hydrogels, are comprised of networks of 
cross-linked polymer chains or complex protein molecules of natural or synthetic origin.83,84 Due to their 
significant water content, hydrogels possess biophysical characteristics similar to natural tissue, and serve as 
effective matrices that were shown to affect stem cell differentiation, tumor progression, invasion and drug 
sensitivity.82,85 

Assays including ECM components such as collagen may be performed in 2D, by coating plates with the 
ECM proteins, or in 3D, with spheroids embedded into scaffolds, or sitting on top of a gel matrix. Due to the 
above outlined advantages of growing cells in three dimensions, and the impact of matrix stiffness on cell 
growth and differentiation, 3D scaffold-based approaches are nowadays preferred by some.74,79 Commonly 
used matrices in 3D cell culture are animal derived as collagen I and Matrigel® or similar, laminin-rich 
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basement membrane extracts (BME) purified from Engelbreth–Holm–Swarm (EHS) mouse sarcoma, 
composed mainly of laminin-111, collagen IV, and heparan sulfate proteoglycans.73 

Regarding matrices of non-animal origin, alginate is among the most used matrices for 3D culture 
applications.86 Alginate is an inert polysaccharide derived from brown algae that has been applied in 
industries as food, textiles and pharmaceuticals.87 Alginate consists of β-D-mannuronic acid M units and α-
L-guluronic acid G units assembled as block copolymers. Alginate is notable for its ability to form hydrogels 
via ionic crosslinking. The crosslinks of alginate are formed using divalent cations such as calcium, 
magnesium, or barium to promote the formation of ionic bridges between alginate G units. Ion chelation 
with an isotonic solution, allows easy hydrogel dissolution and cell harvesting for downstream 
applications.85,86 Due to the outlined advantages, these models are therefore excellent tools to bridge the 
gap between oversimplified 2D systems and unrepresentative animal models.84 Indeed, Cavo et al.88 have 
reported dramatic morphological differences between cells cultured in a 3D alginate model versus flat 2D 
conditions, namely exhibiting a circular, spheroid-organized conformation within the hydrogel, similar to 
those in vivo. Moreover, it was described a strict correlation between substrate elasticity and cell viability 
and proliferation, highlighting the need for realistic incorporation of original tissue stiffness for correct 
recapitulation of BC cell activity that dictates therapy response. Another example is the work by Thakuri et 
al.89 on a 3D hybrid hydrogel system composed of collagen and alginate to examine the invasive capability 
of BC, where the authors demonstrated its application for migration studies with mammary fibroblasts and 
BC cell co-cultures. In the host Lab, Estrada et al.82 have reported that alginate-microencapsulated 3D co-
cultures of breast cancer cells with fibroblasts shows phenotypic features of TME as loss of cell polarity, 
increased cell migration and angiogenic features, which are characteristic of BC disease progression.  

 

1.4.2. Ex vivo Patient-Derived Models 

Ex vivo culture of patient-derived tumor tissues provides the opportunity to study the molecular and 
phenotypic heterogeneity of cancer cells in the context of a preserved TME that faithfully recapitulate a 
patient tumor. The maintenance of other cell types of the particular tissue as well as the ECM, results in the 
conservation of naturally occurring interactions between tumor and non-tumor cells in the TME.85  

Given the influence of the tumor heterogeneity and environment on several aspects of tumor biology 
and drug sensitivity, these models appear more suitable to study patient tumors than established 
immortalized cell lines. In fact, tumor tissue culture has the potential to cover the whole clinical spectrum of 
solid tumors including all stages and grades from well-differentiated slow growing to poorly differentiated 
fast-growing subtypes. In contrast, most cell lines represent only high-stage, metastatic and poorly 
differentiated tumors. Consequently, short-term cultivated tumor tissue could mirror more closely the 
typical intra- and inter-tumoral variability of solid tumors typically, including proliferative aspects as well as 
the response to drug treatment, stepping into the personalized medicine field.73,75 

 

1.4.2.1. Organoids 

Patient-derived organoids (PDO) are derived from patient tissue cells or tumor specific stem cells and 
have the capacity to self-organize into 3D tissue-resembling cellular clusters.92 In comparison to other 
culturing techniques, organoids allow cell expansion, and as such, they are feasible for medium to high-
throughput drug screening on personalized medicine. By mimicking tumor characteristics such as tumor cell 
heterogeneity and tumor cell intrinsic mechanisms of resistance, they can aid in the prediction of treatment 
response by functional ex vivo assays and patient stratification.75,92,93 However, organoid models still fail to 
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fully capture tumor-stromal interactions which influence drug sensitivity and resistance and are important 
for immune-oncology research. As such resistance mechanisms derived from TME are not recapitulated in 
these models.92,93 Culturing techniques of PDOs can include static or dynamic systems.93–95  

 

1.4.2.2. Patient-Derived Explants (PDEs)  

PDEs have been in use since the 1950s 96 and correspond to fragments of freshly resected human tumors 
without deconstruction of the tumor, thus retaining the histological features of the original tumor.  This 
model represents a bridge between in vitro and in vivo models, combining the in vivo features of 
microenvironment, original tissue architecture and possibly impaired diffusion of oxygen and nutrients, with 
the feasibility and ease of manipulation and analysis of in vitro models.97  

By using PDEs, it is also possible to investigate drug penetrance into the original tumor tissue using mass 
spectrometry imaging (MSI).96 Additionally, the generation and culture of PDEs is also relatively inexpensive 
compared with the production and maintenance of mouse models or the isolation and culture of organoids, 
which often require costly cell culture reagents and matrices for their maintenance. However, perhaps the 
most significant downside relates to the limited material and unfeasibility for expansion, as well as intrinsic 
patient heterogeneity. In addition, some concerns have been raised, namely regarding maintenance of tissue 
architecture, viability and ER signaling for longer periods.96 These disadvantages should be address by 
optimizing culture conditions as it previously demonstrated by Muraro et al.,90 where by using a perfusion-
based bioreactor combined with a collagen scaffold, BC tissue was cultured for 14 days with maintenance of 
viability and ER+ cells. Most recently, published work from the host Lab by Cartaxo et al.91 has described 
successful culture of PDEs for one month, while retaining ER signaling and original tumor architecture. 

 

1.4.2.3. Organotypic Tumor Tissue Slices  

Organotypic tumor tissue slices are obtained through the use of microtomes (specifically designed 
precision cutting instruments), without interfering with the morphology of the tissues.73 This model retains 
the complexity of tumors without the need of extensive manipulation. Short-term culture of organotypic 
tissue slices could serve as a model to examine response of the tumor to anti-cancer compounds ex vivo. 
Tumor tissue slices are usually cultured statically on the bottom of a dish, freely floating in culture medium 
or frequently grown on membrane supports (air-liquid interface) such as filters or collagen coatings. 
Moreover, agitation improved diffusion of oxygen and nutrients, which was able to redeem breast tumor 
slices vital for 7 days, in comparison to 48h for slices cultured in static conditions.75 Indeed, preservation of 
tumor slices for extended periods without losing tumor viability, has proven difficult and leads to significant 
alteration of several stress pathways and loss of tissue integrity.75 

 

1.4.3. Animal Models 

The inability of the previous models to examine complete pathophysiological interactions between the 
tumor site and distant organs represent a major limitation of the in vitro and ex vivo models.72 The use of 
animal models to study cancer overcomes this limitation as it allows to recreate tumor development and 
progression in a systemic model.69 Consequently, their use has greatly impacted our understanding of the 
processes governing initiation, progression and metastasis and allowed the discovery and pre-clinical 
validation of novel cancer treatments.  
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Distinct animal models can be used in cancer research. Over the last decades the most common specie 
used was the mouse (Mus musculus). However, other models have also been applied, including the zebrafish 
(Danio rerio), and the common fruit fly (Drosophila melanogaster). A variety of approaches can be applied 
depending on the aim of the study. Importantly, mice and human genomes share a high degree of homology, 
and there is an overlap in the function of their genes. Moreover, as mice have a shorter lifespan, it makes 
possible to study development and progression of diseases such as cancer in a feasible period of time.98  

Within mice models, we can summarize them in 5 classes: (1) Cell Line-Derived Xenografts (CDX), (2) 
Patient-Derived Xenografts (PDX), (3) Syngeneic mouse models, (4) Chemically Induced Mouse Models 
(CIMM), and (5) Genetically Engineered Mouse Models (GEMM). In the context of this thesis, only the 
Patient-Derived Xenografts will be addresses, due to their similarity with previously mentioned patient-
derived models, here in vivo.98 

 

1.4.3.1. Patient-Derived Xenografts (PDXs)  

PDX models involve implanting a piece of fresh tumor removed from a patient at primary surgical excision 
into immunodeficient or humanized mice allowing tumor amplification and in vivo testing. PDXs have been 
shown to reliably preserve genetic, histological and phenotypical characteristics of the primary tumor with a 
60 to 80% graft success rate, while reflecting histopathology, tumor behavior, and the metastatic properties 
of the original tumor.72,99 As such, PDX models provide a valuable platform for culture of rare tumor subtypes 
allowing to study its biological mechanisms and to assess subtype-specific responses rates of anti-cancer 
agents validating preclinical studies.97 

Subcutaneous heterotopic implantation (tumor implanted into an area unrelated to primary tumor site) 
is the most common method of PDX used in cancer with advantages that tumor growth can be monitored 
by visual inspection or examination avoiding the need for imaging techniques, although it is not 
representative of the original tumor localization and environment which can impact the observed effects.98 
Orthotopic transplantation (tumor implanted into site of primary tumor) have the advantage of mimicking 
invasion and metastatic spread and therefore recapitulate disease natural history as well as tumor 
characteristics. They therefore strengthen the utility of PDX models in pre-clinical studies aimed at evaluating 
molecular pathways and drug responses in advanced disease.75,97  

Nevertheless, the requirement of immunodeficient mouse strains impairs the study of the anti-tumor 
host immune response, constituting a problem when the aim of a particular study is focused in 
immunomodulatory mechanisms, one of the major players of the tumor microenvironment.98 

 

1.4.4. Bioreactors and Controlled Culture Systems 

In order to increase the relevance of the in vitro and ex vivo tumor modeling approaches discussed above, 
a more complex recreation of the TME composition and 
architecture could be achieved through utilization of 
controlled culture systems that combine fluidic motion 
with a 3D setup. 73,100  

Bioreactors are computer-controlled culture systems 
designed to provide efficient mass transfer and automated 
control of culture variables such as temperature, pressure, 
pH, or dissolved oxygen. Furthermore, the use of perfusion 

Figure 1.9. Bioreactor systems for culture of in vitro 
tumor models. (A) Stirred culture vessels; (B) Rotary 
cell culture systems; (C) Microfluidic devices. Hickman 
et al., 2014 73 
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operation modes allows control of nutrients and O2 levels, supply and clearance of metabolites, cytokines, 
growth factors and ECM components.73,101 

In recent years, bioreactor development has been towards improved accuracy in control of cellular 
microenvironment with reduced shear stress and reduced working volumes. Currently, the range of 
bioreactor types (Figure 1.9) with potential application in cancer in vitro models is wide: from classical stirred-
tank culture vessels to rotary cell culture systems (RCCS) and last-generation microfluidic devices.73 

 

1.4.2.1. Stirred-tank Culture Systems 

Cell culture in stirred-tank systems have two main objectives: cell expansion and improved cell 
functionality.83 This technology includes spinner vessels and computer-controlled stirred-tank bioreactors, 
and provide a dynamic environment, control of substrate consumption/metabolite production, cell growth, 
pH, temperature, and gas transfer limitations, as well as culture heterogeneity.73,79,83 

Manipulation of parameters such as vessel and impeller design and stirring rate allow applicability to an 
array of cell types with distinct aggregative capabilities and sensitivities to shear stress. Indeed, bioreactor-
engineered cancer tissue-like structures have been described to more closely mimic phenotypes, gene 
expression profiles and drug resistance patterns observed in vivo than static cultures, providing an interesting 
platform for BC therapy studies.102 Another important feature is the feasibility to perform non-destructive 
sampling along time, enabling continuous monitorization as well as retrieval of material for further 
applications. 73,81,103 Importantly, stirred-tank bioreactors are highly flexible, and can accommodate different 
3D culture strategies, from freely floating spheroids, to scaffold-based mono- and co-cultures.73,82,104 

The main limitations of stirred-culture vessels are the hydrodynamic shear force-related cellular stress, 
promoted by stirring, and the culture volumes associated with these systems (typically a minimum of 50 to 
80 mL). Microencapsulation and scaffold strategies can minimize cell shear-stress and improve TME 
recapitulation by accumulation of secreted factors and ECM components, as previously described.85,105 

1.4.2.2. Organs-on-a-Chip  

Recent advances on microfluidic devices have led to the development of organs-on-a-chip. These models 
are based in tissue engineering and microfluidics, enabling the design of customized cellular 
microenvironments with precise fluidic, mechanical and structural control.106 These translates in specific 
architectures within a microfabricated device, facilitating the creation of 3D models that allow culture of cells 
under continuous perfusion, exhibiting functional hallmarks of native tissues (for example, contractile 
properties of cardiomyocytes or albumin secretion of hepatic cells).73,84,107 

Organ-on-a-chip technologies aim to replicate key aspects of human physiology as 3D cell-cell and tissue-
organ interactions, crucial for the understanding of drug effects, improving pre-clinical safety and efficacy 
testing. The primary focus of this technology is the re-creation of three key aspects of human physiology: the 
multicellular vascular or epithelial interfaces of organs (which function as barriers in tissues), the tissue-level 
organization of parenchymal cells (which are responsible for the key functional properties of an organ), and 
the systematic interaction of multiple organs (which determine drug pharmacokinetics: absorption, 
distribution, metabolism and elimination).107,108 
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1.5. Thesis Aim 
Within the scope of the increasing BC resistance and the continuing failure of most drugs in clinical 

development due to lack of efficacy (despite robust indications of activity in existing pre-clinical models), the 
urging need for improvement of BC models for drug testing served as motivation for this work. Specifically, 
the need for cell models more recapitulative of the TME to serve the discovery and development of novel 
BC therapies. Improved in vitro and ex vivo models and their application in drug development will contribute 
to the implementation of the 3R’s (replace, reduce and refine policy)109 for animal experimentation in 
medical research. Bearing this in mind, the main aim of this thesis was to assess the amenability of 3D BC 
models developed in the host Laboratory for pre-clinical evaluation of targeted therapies has a proof-of-
concept. For this end, two distinct objectives were purposed: 

• The first objective comprised the assessment of the therapeutic potential of HER2-targeted drugs, 
namely of trastuzumab-derived Antibody-Drug-Conjugates (ADCs), using a 3D BC model, previously 
established in the host Lab. 82  
BC spheroids were generated and microencapsulated using a hydrogel scaffold (alginate). Assay 
conditions, such as challenge duration, drug concentrations and readouts were established. The 3D 
BC model was challenged with the standard of care anti-HER2 targeted therapy, trastuzumab, and 
its ADC derivatives to evaluate the effect of these drug conjugates, by using cell viability, metabolic 
activity, apoptosis and cytotoxicity assays.  
 

• The second objective consisted in the assessment of endocrine therapy compounds, such as 
standard-of-care anti-ER drugs, employing an ex vivo ER+ BC patient-derived explant model recently 
established in the host Lab. 91  
For this, tumor tissues from ER+ BC patients were obtained by surgical resection, processed, 
encapsulated in a hydrogel scaffold, and cultured under agitation. Explant cultures were stimulated 
with the estrogen agonist 17β-estradiol and maintenance of ER signaling evaluated by protein and 
mRNA levels. Effect of endocrine drugs tamoxifen and fulvestrant was assessed by ER and 
downstream effector gene analysis. 
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Chapter 2. Materials & Methods 

 

2.1. In Vitro 3D BC Cell Model 

2.1.1. Cell Line 2D Culture  

Established cell lines of triple negative breast cancer HCC1806 (ATCC® CRL-2338™) and HER2 overexpressed 
HCC1954 (ATCC® CRL-2338™) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium, 
supplemented with Fetal Bovine Serum (FBS), HEPES Buffer, 2-Mercaptoethanol and Penicillin-Streptomycin, 
according to Table 2.2.  

Cells were cultured in a humidified incubator at 37 °C and 5% CO2 (Nuaire Autoflow IR Water-Jacketed CO2 

Incubator). Cells were subcultured twice a week at a seeding concentration of 15 000 cell/cm2 (HCC1806) or 
8 000 cell/cm2 (HCC1954). 

 

Table 2.2. Culture media composition for cancer cell lines. 

Medium Component Concentration Brand Cat. Number 
RPMI 1640 Medium 

[–] Phenol Red 
[1X] 

 
GibcoTM #11835-063 

Fetal Bovine Serum 10% (v/v) GibcoTM #A3160801 
HEPES Buffer 6 mM GibcoTM #31350-010 
2-Mercaptoethanol 50 μM GibcoTM #31350-010 
Penicillin-Streptomycin 1% (v/v) GibcoTM #15140-122 

 

 

2.1.2. Primary Cell 2D Culture  

Human Dermal Fibroblasts (hDF) isolated from neonatal foreskin samples (Innoprot, #P10856) were grown 
in Iscove's Modified Dulbecco's Medium (IMDM) with GlutaMAX™ Supplement, and additional 
supplementation of FBS and Penicillin-Streptomycin, according to Table 2.3. Cells were subcultured every 2 
weeks, at a seeding concentration of 4 300 cell/cm2 and total medium changed by new every week. Cells 
were cultured in a humidified incubator at 37 °C and 5% CO2 (Nuaire Autoflow IR Water-Jacketed CO2 Incubator). 

 

Table 2.3. Culture media composition for primary fibroblast cultures. 

Medium Component Concentration Brand Cat. Number 
IMDM + GlutaMAXTM [1X] GibcoTM #31980-022 
Fetal Bovine Serum 10% (v/v) GibcoTM #A3160801 
Penicillin-Streptomycin 1% (v/v) GibcoTM #15140-122 
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2.1.3. Cancer Cell Aggregation 

Adherent cultures of HCC1806 and HCC1954 cells were trypsinized, counted with Trypan Blue Solution, 
0.1% (Gibco, #15250-061) in a Fuchs-Rosenthal counting chamber (Karl Hecht, #40449712), centrifuged 5 min at 
300x g in a 5810R Centrifuge equipped with a A-4-81 rotor (Eppendorf), resuspended in an appropriate volume 
of culture medium for the conditions described below, and filtered through a 70 μm cell strainer (Falcon, 

#352350) to obtain a single cell suspension. 

HCC1806 cells were plated in AggreWell™400 microwell culture plates (Stemcell Technologies, #34425), 
previously treated with Anti-Adherence Rinsing Solution (Stemcell Technologies, #07010), to reduce surface 
tension and prevent cell adhesion to culture plates and washed with culture medium. Cells were plated at a 
seeding density of 3.5x106 cell/well (500 cell/microwell) in 4 mL of culture medium and incubated in static 
conditions in a humidified incubator at 37 °C and 5% CO2 (Nuaire Autoflow IR Water-Jacketed CO2 Incubator) for 3 
days to induce spheroid formation.  

HCC1954 cells were inoculated into 125 mL Glass Spinner Vessels with 70 mm flat center cap, two 32 mm 
angled sidearms and three side baffles to enhance aeration and agitation of flask contents (Corning, #4500-

125), at a final cell concentration of 200 000 cell/mL, and cultured for 4 days at a stirring rate of 80 rpm to 
induce cell aggregation, using a bioMIXdrive 1 single point stirring drive (2mag AG) with bioMIXcontrol 4MS 
external control unit (2mag AG) set in a humidified incubator at 37 °C and 5% CO2 (Nuaire Autoflow IR Water-

Jacketed CO2 Incubator). 

The glass surface of the spinner vessels was previously subjected to a silanization procedure with the 
purpose of reducing surface hydrophobicity and consequently cell attachment. Silanization consisted in a 
cleaning step with 1M potassium hydroxide, KOH (Merck, #105033) in ddH2O, overnight, followed by 
dichloromethylsilane (Merck, #803452) coating and excess solution removal with toluene (Merck, #108325). 

The polytetrafluoroethylene (PTFE) impeller of spinner vessels was coated with polydimethylsiloxane 
(PDMS) to avoid cell infiltration into the impeller’s fenestrations during aggregation procedure, by preparing 
a two components mixture of Elastosil RT601 A (Wacker, #124690) and B (Wacker, #124691) at a ratio of 9:1, and 
applying the mixture to fill the interior and coat the lateral fenestrations of the impeller. Solidification of 
Elastosil A and B mixture was obtained by placing the impeller at 37 °C in an ED115 Drying Chamber (WTC 

Binder), until achieving a smooth surface. 

Once aggregation was achieved, cell viability was assessed by FDA/TO-PRO®-3 staining as described in the 
corresponding section ahead. 

 

2.1.4. Microencapsulated Cancer 3D Spheroid Cultures 

Once compact and spherical spheroids were obtained, spheroids were collected, centrifuged at 50x g for 
2 min, washed in Dulbecco's phosphate-buffered saline [-] Calcium [-] Magnesium, DPBS (-/-) (Gibco, #14190-

094), centrifuged again at 50x g for 2 min and resuspended at a concentration of 20 000 spheroid/mL in 1.1% 
(w/v) PRONOVA UP MVG Sodium Alginate (NovaMatrix, #4200101), dissolved in 0.9 % (w/v) NaCl (Merck, 

#106404), which was transferred to a 5 mL luer lock syringe without needle (Terumo, #SS-05L) and assembled 
on a Syringe Infusion Pump KDS-100 (KDScientific) set at a flow rate of 10.0 mL/h, pumping the alginate solution 
containing the spheroids, in a controlled manner into the nozzle.  

For the co-cultures, hDFs were centrifuged similarly to the tumor cells and resuspended in the alginate 
solution. This suspension was then used to resuspend the HCC1954 spheroids which were transferred to the 
syringe. In co-cultures, a ratio of 1 : 1 tumor cells to hDFs was used. To count the number of tumor cells in 
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the spheroids, these were trypsinized and cells counted with Trypan Blue Solution, 0.1% (Gibco, #15250-061) 
in a Fuchs-Rosenthal counting chamber (Karl Hecht, #40449712). 

Microencapsulation was performed using an electrostatically-driven Encapsulation Unit VarV1 (Nisco). The 
alginate solution containing the spheroids was passed through a holder arm set to a height of 3 cm, coupled 
to a 0.7 mm nozzle suspended over a 100 mm petri dish (Corning, #CLS430165) containing the gelling bath (to 
keep a distance of 1.2 cm from the nozzle to the bath surface).  

The gelling bath is composed by a crosslinking solution of 20 mM BaCl2 . 2 H2O  (Merck, #101717) / 115 mM 
NaCl, 5 mM L-Histidine (Sigma-Aldrich, #H9511) in ddH2O (pH 7.4, 300 mOsm), with a 4.7 kV electrode 
submerged, that produces an electrostatic force, pulling the droplets and inducing alginate polymerization. 
A magnetic stirrer bar is placed in the gelling bath to keep encapsulated spheroids separated during alginate 
polymerization. The obtained microcapsules were washed three times in 0.9 % (w/v) NaCl and equilibrated 
in culture medium before being transferred to 125 mL Erlenmeyer flasks with 0.2 μm vented caps (Corning, 

#431143) and cultured under orbital agitation, at 80 rpm, in a humidified incubator shaker at 37 °C and 5% 
CO2 (Infors HT Multitron). 

 

2.1.5. Challenge with Antibody Drug Conjugates (ADCs) 

A set of monoclonal antibodies and derived ADCs, composed by trastuzumab, heterogeneous conjugated 
trastuzumab-DM1 (DAR 3), heterogeneous conjugated trastuzumab-MMAE (DAR 4), homogeneous 
conjugated trastuzumab-MMAE (DAR 8), trastuzumab_cys114 and homogeneous conjugated 
trastuzumab_cys114 -MMAE (DAR 2), was kindly provided by Dr. Jordi Joan Cairó Badillo and Dr. Joan Miret 
Minard,  from Universitat Autònoma de Barcelona, and sterile-filtered through an Acrodisc Syringe Filter Low 
Protein Binding 0.2 μm Supor® Membrane (Pall Corporation, #4602). Serial dilutions of each ADC were prepared 
in culture medium, to get the final concentrations between 0.001 to 10 μg/mL. Twice a week, half of the 
spent medium was removed and replaced with new culture medium supplemented with fresh compounds 
and at the required drug concentration. 

 

2D Cell Culture  

Cells were plated at the described seeding concentration, in quadruplicates, in standard flat bottom 96-
well tissue culture plates (Falcon, #353072), in 100 μL culture medium per well and cultured, under static 
conditions in a humidified incubator at 37 °C and 5% CO2 (Nuaire Autoflow IR Water-Jacketed CO2 Incubator). 
Exposure to ADCs was started at 24h after plating, for a total of 3 days (HCC1808 and HCC1954 cell lines) or 
2 weeks (hDFs). Metabolic activity was assessed after plating and at the end of drug challenge, cell viability 
and cell apoptosis were assessed at the end of drug challenge. 

 

3D Spheroid Culture  

One week after encapsulation, capsules were plated in quadruplicate in standard flat bottom 96-well 
tissue culture plates (Falcon, #353072), at approximately 25 to 30 capsules per well (300 μL capsule 
suspension), in 100 μL of culture medium, and cultured, under orbital agitation, at 80 rpm, in a humidified 
incubator shaker at 37 °C and 5% CO2 (Infors HT Multitron). Metabolic activity was assessed, and drug challenge 
performed for up to 2 weeks. Metabolic activity and cell viability were assessed before and after drug 
challenge, up to 2 weeks post challenge. 
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2.1.6. Metabolic Activity Assessment 

Cellular metabolic activity was assessed by PrestoBlueTM Cell Viability Reagent reduction assay (Invitrogen, 

#A13262), according to the manufacturer's instruction. PrestoBlueTM assay is based on resazurin reduction, a 
blue, non-toxic, membrane-permeable compound. Once it is reduced to resorufin, a red fluorescent 
compound, by aerobic respiration within mitochondria by NADH or NADPH dehydrogenase, it serves as an 
assessment of metabolic activity and indicator of cell viability. 

Cells were washed in DPBS (-/-) and incubated with PrestoBlueTM diluted 1/10 in culture medium for either 
30 mins (2D cultures) or 4 h (3D cultures) at 37 oC. A control with only diluted reagent was kept in the same 
conditions. After incubation, 100μL of culture medium containing PrestoBlueTM [1X] was transferred to a flat-
bottom 96-well Black Plate (Costar, #3603), and resazurin fluorescence was read at 560 nm excitation with 590 
nm emission wavelength on an Infinite® 200 PRO Micro Plate Reader (Tecan Life Sciences). The mean 
fluorescence of the only medium control was subtracted from each replicate and condition, and the mean 
value of each day of each condition was normalized by day 0 (before ADCs challenge). Metabolic activity is 
represented as percentage of each condition relative to untreated condition (control). 

When repeated cycles of challenge were applied, the remaining medium with PrestoBlueTM reagent was 
removed from cells, which were washed in DPBS (-/-) and returned to culture conditions,  

 

2.1.7. Cell Viability Assessment in 2D Cell Culture 

In 2D cell cultures, cell viability was assessed through the crystal violet assay, that identifies live cells and 
removes dead ones in washing steps. After exposure to ADCs, medium was removed, cells were fixed in 
Formalin Solution 10% Neutral Buffered (Sigma-Aldrich, #HT5012) for 10 min, repeatedly washed with DPBS (-/-) 
and stained with 10% Crystal Violet (Merck, #115940) in 20% Methanol (Merck, #106018), for 20 min, under 
orbital agitation. After staining, excess dye was removed by repeated washes with ddH2O and the plate was 
let to dry. After complete drying, crystal violet crystals were dissolved in 10% Acetic Acid (Glacial) (Merck, 

#100063) under orbital agitation, until obtaining a homogeneous solubilized crystal violet solution. Plate 
absorbance was measured spectrophotometrically at 595nm, in an Infinite® 200 PRO Micro Plate Reader 
(Tecan Life Sciences). Cell viability is represented as percentage, of each condition relative to untreated 
condition (control). 

 

2.1.8. Cell Viability Assessment in 3D Cell Culture 

In encapsulated spheroid cultures, cell viability was assessed through a fluorescent membrane integrity 
assay to discriminate live from dead cells. Spheroids (either encapsulated or non-encapsulated) were 
incubated with 5 μg/mL Fluorescein Diacetate, FDA (Sigma-Aldrich, #F7378) from 5 mg/mL FDA in acetone 
(Sigma-Aldrich, #32201) and 1 μM TO-PRO®-3 Iodine (Invitrogen, #T3605) in DPBS (-/-) and observed in a 
DMI6000B fluorescence microscope (Leica Microsystems).  

Fluorescein diacetate (FDA) is a cell-permeant viability probe, an esterase substrate which is hydrolyzed 
by intracellular esterase in live cells, generating a fluorescent compound. As such, cell-membrane integrity 
is required for FDA-fluorescent product retention. TO-PRO-3® Iodide is a carbocyanine monomer nucleic 
acid, impermeant to live cells but that penetrates dead cells with compromised membranes. Cells that 
accumulated the fluorescent green metabolized product of FDA were considered live and red cells, stained 
with TO-PRO-3® Iodide, were considered dead. 
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2.1.9. Cell Apoptosis Assessment 

In encapsulated spheroid cultures from both cancer cell lines, apoptosis was assessed trough the 
NucView® 488 Caspase-3 Apoptosis Assay Kit (Biotium, #30062). The methodology used to assess apoptosis in 
culture is based on a green non-fluorescent caspase-3/7 recognition sequence DEVD that, when cleaved by 
activated caspases during the apoptosis process, binds DNA and becomes fluorescent. At the same time, live 
cells were visualized through MitoView™ 633. This is a cell membrane permeable far-red fluorescent 
mitochondrial dye, that becomes brightly fluorescent after accumulation in mitochondria. Cells presenting 
far-red fluorescence, from MitoView™ 633, were considered alive and cells presenting green fluorescence, 
from NucView® 488, were considered late apoptotic cells. 

Cultures were incubated in culture medium with [1X] NucView® 488 Caspase-3 Substrate (Biotium, #99949) 
and [1X] MitoView™ 633 Mitochondrial Dye (Biotium, #99950) for 15 min at 37 °C before observation under a 
DMI6000B fluorescence microscope (Leica). 

 

2.1.10. Cytotoxicity Assessment 

In encapsulated HCC1954 spheroid cultures, cytotoxicity was analyzed by the CyQUANT™ LDH 
Cytotoxicity Assay (Invitrogen, #C20301) which quantifies the release into cell culture medium of a cytosolic 
enzyme, lactate dehydrogenase (LDH), upon damage of the plasma membrane. The extracellular LDH is 
quantified by a coupled enzymatic reaction in which LDH catalyzes the conversion of lactate to pyruvate via 
NAD+ reduction to NADH. Oxidation of NADH by diaphorase leads to the reduction of iodonitrotetrazolium 
(INT) salt to a red formazan product that can be measured spectrophotometrically at 490 nm.  

LDH leakage was measured in medium collected from cultures and maximum LDH activity was measured 
from the same samples after total cell lysis, obtained through exposure to Triton™ X-100 (Sigma-Aldrich, #T-

8787) 10% (w/v) in ddH2O for 24 h. Samples for either spontaneous LDH or maximum LDH activity assessment 
were centrifuged at 1 000x g for 5 min, and 50 μL of supernatant transferred to a 96-well culture plate (Falcon, 

#353072). An equal volume of Reaction Mixture (50 μL, composed of Substrate Mix combined with Assay 
Buffer reconstituted in ddH2O according to the supplier’s protocol) was added and the reaction was 
incubated under orbital agitation, for 30 min, protected from light. An equal volume of Stop Solution (50 μL) 
was added and the absorbance at 490 nm and 680 nm (background signal from instrument) measured.  

LDH activity was determined by subtracting the 680 nm (background) to the 490 nm absorbance value. 
The mean differential absorbance of the control was subtracted to each replicate and condition, assayed in 
quadruplicate. LDH activity represents the ratio of LDH leakage activity over the total LDH activity (maximum 
+ leakage). Each value is represented as fold change of each condition relative to untreated condition 
(control), which was set as 1. 

 

2.1.11. Immunofluorescence in 2D Cultures 

Fixation 

HCC1954 cells and hDFs were cultured as monolayers on 13 mm glass coverslips (VWR, #631-1578) in a 24-
well culture plate (Falcon, #353047), according to the adherent culture systems section. After four days, 
medium was removed, and cells fixated for 20 min with 4% (v/v) paraformaldehyde (PFA) (Fluka, #762470) + 
4% (v/v) sucrose (Sigma-Aldrich, #S9378) prepped from 8% (w/v) PFA, 40% (w/v) sucrose in ddH2O with DPBS (-
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/-) [10X] (Invitrogen, #14200067), pH 7.2, and sterile-filtered through an Acrodisc Syringe Filter Low Protein 
Binding 0.2 μm Supor® Membrane (Pall Corporation, #4602). 

 

Permeabilization 

Cells were washed with DPBS (-/-) and permeabilized for 10 min with 0.1% (v/v) Triton™ X-100 in DPBS (-/-) 
prepped from Triton™ X-100 (Sigma-Aldrich, #T-8787) 10% (w/v) in ddH2O. 

 

Blocking 

Cells were washed with DPBS (-/-), followed by blocking for 20 min with 0.2% (v/v) Fish Skin Gelatin (FSG) 
in DPBS (-/-) prepped from gelatin from cold water fish skin (Sigma-Aldrich, #S4521) 10% (w/v) in ddH2O. 

 

Antibody Incubation 

Incubation of antibodies was performed on a dark chamber humidified with soaked filter paper. Primary 
antibody described in Table 2.4 was diluted in 0.125% (v/v) FSG and added directly to the parafilm. Coverslips 
with cells were washed with DPBS (-/-) and transferred facing primary antibody solution placed on parafilm, 
and left to incubate overnight at 4 °C. As a control DPBS (-/-) was used instead of antibody. Cells were washed 
with DPBS (-/-) by dilution / aspiration and coverslips transferred to new parafilm containing the secondary 
antibody described in Table 2.5, diluted in 0.125% (v/v) FSG and left for incubation for 1 h. 

 

Table 2.4. Primary antibody used for immunofluorescence. 

Primary Antibody Brand Cat. Number Host Dilution 

Anti-Human c-erbB-2 [HER2] Dako #A0485 
Rabbit – IgG 
(Polyclonal) 

1 : 200 

 

 

Table 2.5. Secondary antibody used for immunofluorescence. 

Secondary Antibody Brand Cat. Number Host Dilution 

Anti-Rabbit Alexa Fluor 488 Invitrogen #A11008 
Goat – IgG 
(Polyclonal) 

1 : 500 

 

 

Mounting 

Cells were washed with DPBS (-/-) and coverslips mounted on microscope slides (VWR, #631-1559) with 
ProLong™ Antifade Mountant with DAPI (Invitrogen, #P36941). Slides were left to dry at RT covered from light 
and then stored at 4 °C. Image acquisition was performed at a DMI6000B fluorescence microscope (Leica). 
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2.1.12. Statistical Analysis 

Data from N independent experiments (or technical replicates if N=1) are expressed as mean ± SD. Data 
sets were analyzed using GraphPad Prism 9 (GraphPad Software), and within each replicate tested for presence 
of outliers using Grubb’s Test, alpha 0.05. Area under the curve (AUC) was used as a cumulative 
measurement of a drug effect in pharmacokinetics. Half maximal effective concentration (EC50) was used as 
a quantitative measurement of a drug concentration in pharmacokinetics. For determination of AUC and 
EC50, Log10 [compound] was represented on a linear axis and 4 parameter logistic (4PL) regression was 
employed using the nonlinear regression (curve fit) of “Log10 [compound] vs. response -- Variable slope (four 
parameters)" function in GraphPad. Linear regressions were performed to assess dependence of data to one 
independent variable, and fitness evaluated by R2 value. 

Two-way ANOVA analysis with a correction for multiple comparisons (to a control, either trastuzumab or 
Tcys114) using Dunnett’s post-hoc statistical hypothesis test was performed. Significances are depicted as: 
n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

2.2. Ex vivo BC PDE Model 

2.2.1. Primary Explant Handling and Culture 

Patient-derived BC explants were provided by Instituto Português de Oncologia de Lisboa Francisco Gentil 
(IPOLFG) through a collaboration with Dr. Saudade André. The use of patient material was approved by the 
IPOFLG ethics committee and all patients have signed an informed consent form to agree to donate the 
material for research purposes. All tissues were anonymized before transfer to the Laboratory for further 
processing. 

Once collected, tissue was kept in a 1:1 mixture of Dulbecco’s Modified Eagle Medium (DMEM) / Nutrient 
Mixture F-12 (Ham), supplemented with FBS and Penicillin-Streptomycin, according to Table 2.6, and 
transported to the Lab, within 1 to 3 h after surgery. In the Lab, tissue was weighted, washed with DPBS (-/-) 
and thoroughly minced with scalpels, obtaining a mixture or fragments of approximately 1 - 1.5 mm3. Minced 
samples were transferred to a Digestion Media composed by DMEM/F-12 medium supplemented with FBS, 
Penicillin-Streptomycin, Benzonase® Endonuclease and Collagenase A, according to Table 2.7. 

Primary explants were mildly digested for 12 h, under continuous motion on a GyroMiniTM Nutating Mixer 
(Labnet) in a humidified incubator with 5% CO2 at 37 °C (Nuaire Autoflow IR Water-Jacketed CO2 Incubator). For 
subsequent encapsulated explant culture, Human Mammary Epithelial Cells (HMEC) Medium was used, 
either with complete supplementation, as described in  

Table 2.8, or with Insulin, Hydrocortisone and Epidermal Growth Factor (EGF) depletion when under 
estrogen stimulation, as explained in Section 3.1. 

 

Table 2.6. Composition of Collection Media. 

Medium Component Concentration Brand Cat. Number 
DMEM/F-12 Medium 
   [+] L-Glutamine 
   [+] 15 mM HEPES 
   [–] Phenol Red 

[1X] GibcoTM #11039-021 

Fetal Bovine Serum 10% (v/v) GibcoTM #A3160801 
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Penicillin-Streptomycin 1% (v/v) GibcoTM #15140-122 
Table 2.7. Composition of Digestion Media. 

Medium Component Concentration Brand Cat. Number 
DMEM/F-12 Medium 
   [+] L-Glutamine 
   [+] 15 mM HEPES 
   [–] Phenol Red 

[1X] GibcoTM #11039-021 

Fetal Bovine Serum 10% (v/v) GibcoTM #A3160801 
Penicillin-Streptomycin 1% (v/v) GibcoTM #15140-122 
Benzonase® Endonuclease 30 U/mL Merck #101654 
Collagenase A 0.09 U/mL Roche #1010358 

 

Table 2.8. Composition of Human Mammary Epithelial Cells (HMEC) Culture Media.  

Medium Component Concentration Brand Cat. Number 
DMEM/F-12 Medium 
   [+] L-Glutamine 
   [+] 15 mM HEPES 
   [–] Phenol Red 

[1X] GibcoTM #11039-021 

Penicillin Streptomycin 1% (v/v) GibcoTM #15140-122 
Human Apo-Transferrin 0.5 μg/mL Sigma-Aldrich #T1147 
Isoproterenol 0.1 mM Sigma-Aldrich #I5627 
Ethanolamine 0.1 mM Sigma-Aldrich #E0135 
O-Phosphoethanolamine 0.1 mM Sigma-Aldrich #P0503 
Bovine Pituitary Extract 70 μg/mL Sigma-Aldrich #P1476 
PrimocinTM 0.1 mg/mL InvivoGen #ant-pm 
Insulin 10 μg/mL Sigma-Aldrich #I6634 
Hydrocortisone 0.5 μg/mL Sigma-Aldrich #H2270 
Recombinant Human EGF 5 ng/mL PeproTech #AF-100-15 

 

 

2.2.2. BC Explant Encapsulation 

BC explants were obtained after digestion, centrifuged at 100x g for 2 min, washed in DPBS (-/-) and 
centrifuged again at 100x g for 2 min. Explants were then resuspended in 2.1% (w/v) PRONOVA UP MVG 
Sodium Alginate, dissolved in 0.9 % (w/v) NaCl, which was transferred to a 5 mL luer lock syringe without 
needle (Terumo, #SS-05L) and assembled on a Syringe Infusion Pump KDS-100 (KDScientific) set at a flow rate of 
10.0 mL/h, pumping the alginate solution containing the spheroids, in a controlled manner into the nozzle. 

Microencapsulation was performed using an electrostatically-driven Encapsulation Unit VarV1 (Nisco). The 
alginate solution containing the BC explants, were feed to a holder arm set to a height of 3,8 cm, coupled to 
a 1 mm nozzle suspended over a 100 mm petri dish (Corning, #CLS430165) containing the gelling bath (to keep 
1.2 cm from the nozzle to the bath surface).  

The gelling bath is composed by a crosslinking solution of 100 mM CaCl2 . 2 H2O  (Merck, #102382) / 10 mM 
HEPES (Sigma-Aldrich, #H3375) in ddH2O (pH 7.4), with a 5.3 kV electrode submerged and a magnetic stirrer bar 
as described above (Section 2.1.4.). Microcapsules were washed three times in 0.9 % (w/v) NaCl and 
equilibrated in culture medium before being distributed in 6-well tissue culture plates (Falcon, #353224) and 
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cultured under orbital agitation at 80 rpm (IKA KS 260 Control Shaker), in a humidified incubator with 5% CO2 at 
37 °C (Nuaire Autoflow IR Water-Jacketed CO2 Incubator).  

2.2.3. BC Explant Culture 

Encapsulated BC explants were plated in 6-well tissue culture plates (Falcon, #353224), and cultured with 
in 4 mL/well of HMEC complete culture medium, under orbital agitation at 80 rpm (IKA KS 260 Control Shaker), 
in a humidified incubator with 5% CO2 at 37 °C (Nuaire Autoflow IR Water-Jacketed CO2 Incubator). Half of the 
medium was changed twice a week and replaced with fresh culture medium. 

 

2.2.4. BC Explant Challenge 

Encapsulated BC explants were exposed for two weeks to either (Z)-4-Hydroxytamoxifen (Sigma-Aldrich, 

#579002) or ICI 182,780 (Tocris, #1047) (indicated as tamoxifen or fulvestrant, respectively), at 1 μM final 
concentration. As vehicle control, encapsulated BC explants were exposed to 0.1% v/v ethanol (molecular 
biology grade) (Fisher Scientific, #BP2818), the percentage present in the drug incubation wells.  

Twice a week, half the medium was replaced with new culture medium supplemented with fresh 
compounds at the specified drug concentration. After 2 weeks, medium was changed to HMEC depleted 
medium for 3 days, keeping fulvestrant, tamoxifen and vehicle control as described above. After 3 days in 
depleted medium, a 24h-stimulus with 10 nM 17β-estradiol (Sigma-Aldrich, #E2758) was applied. Cultures were 
kept always under orbital agitation, in a humidified incubator with 5% CO2 at 37 °C. 

 

2.2.5. BC Explant RNA Extraction and Quantification 

BC encapsulated explants were collected, centrifuged for 1 min at 50x g and 4 °C and washed with DPBS 

(-/-) and centrifuged for 1 min at 50x g at 4 °C in a 5810R Centrifuge equipped with a F45-30-H rotor (Eppendorf). 
The explants were collected and either directly used for RNA extraction or stored in RNAlater™ Stabilization 
Solution (Invitrogen, #AM7020) at -80 °C until processing, to preserve RNA from RNase degradation. To proceed 
with the RNA extraction, alginate capsules were dissolved using a chelating solution, composed by 50 mM 
Sodium Citrate (Sigma-Aldrich, # S4641) / 104 mM Sodium Chloride (PanReac AppliChem, #131659). Alginate 
capsules were exposed to this solution in a GyroMiniTM Nutating Mixer (Labnet) until all alginate dissolved. 
Solution was removed and BC explants washed with DPBS (-/-), followed by 1 min centrifugation at 50x g and 
4 °C.  

RNA from tissue lysates was collected by using the RNeasy® PowerLyzer® Tissue & Cells Kit (Qiagen, #15055-

50). Explants were resuspended in a lysing buffer of TR1, provided the kit, supplemented by 10% (v/v) β-
Mercaptoethanol (Sigma-Aldrich, #M6250), transferred to PowerBead 2.8 mm Ceramic Tubes (Qiagen, #13114-50) 
and lysed using a Precellys Evolution tissue homogenizer (Bertin Technologies). Tissues were homogenized for 
2 cycles at 4500 rpm for 40 s each with 30 s dwells between cycles. Briefly, after lysates elution into the 
provided MB RNA Spin Columns, a DNase I (Qiagen, #79254) incubation step was performed to eliminate 
genomic DNA contamination. For each sample, 40 Kunitz DNase diluted 1:7 in RDD Buffer (Quiagen) was added 
to each column and incubated for 15 min at RT. RNA collecting columns were washed according to 
manufacturer’s instruction with appropriate provided buffers. At the end of the washing steps, RNA was 
finally eluted in 30 μL of UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen, #10977-035), by a final 
centrifugation for 1 min at 11 000x g.  
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RNA was used directly for RT-qPCR or stored at -80 °C. RNA concentration was quantified by a NanoDrop 
ND-2000C spectrophotometer (Thermo ScientificTM) using UltraPure™ DNase/RNase-Free Distilled Water as 
blank. Amount or RNA extracted was very variable, ranging from bellow 2 ng/μL to 115.8 ng/μL. 

2.2.6. Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

The reverse transcription reactions were performed using Sensiscript® Reverse Transcription Kit (Quiagen, 

#205213), and 10 U/μL Protector RNase Inhibitor (Roche, #3335399001), following the supplier’s protocol. 
Reaction was carried over a 2 h incubation at 37 °C (Lid at 105 °C and heated at a 2 °C/s slope) in SimpliAmp 
Thermal Cycler (Applied Biosystems). cDNA was either immediately used or stored at -20 °C.  

For qPCR reactions, the LightCycler® 480 SYBR Green I Master (Roche, #04887352001) strategy was followed, 
with 8 μL of PCR mix (composed by 2 μL UltraPure™ DNase/RNase-Free Distilled Water, 1μL Forward Primer 
[10X] + 1 μL Reverse Primer [10X] and 5 μL Master Mix [2X]), added to each reaction with 2 μL cDNA template 
in a 384-well plate, in triplicate for each condition. Plate was sealed with Light Cycler 480 Sealing Foil (Roche, 

# 64729757001) and reaction carried out in a LightCycler® 480 II (Roche). Sequences of primers used in this 
study are listed in Table 2.9 and were manufactured by IDT (Integrated DNA Technologies). 

Cycle threshold (Ct) and melting curves were determined using LightCycler 480 Software version 1.5 
(Roche). All data was analyzed using the 2-ΔΔCt method described by Livak & Schmittgen, 2001 110 for relative 
gene expression analysis. Geometric mean of replicates and 2 housekeeping genes (RPL22 and 36B4) was 
determined for each condition and subtracted for the same condition within other assessed genes (ΔCt). 
Fold Change of Ct was assessed relative to control, either untreated or estrogen challenged condition, (ΔΔCt) 
and normalized to control set as 1 (2-ΔΔCt). For each individual qPCR analysis, error propagation of the 
standard deviation was calculated in parallel by Formula 1. For the representation of relative gene expression 
relative to estrogen stimulus, a Log2 transformation was performed to convert values bellow one to negative 
values.111 Error propagation of the standard deviation associated with Log2 transformation was determined 
by Formula 2. 

 

(1) 𝑆𝐷 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑔𝑒𝑛𝑒	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	 × 𝑙𝑛2 × 45𝑆𝐷!"#$%&%"#' + 𝑆𝐷(")*+,++-%#.	.+#+*'
		'

+ 5𝑆𝐷!"#&0"1	!"#$%&%"#' + 𝑆𝐷!"#&0"1	(")*+,++-%#.	.+#+*'
		'

 

 

(2) 𝑆𝐷2".! =
34"#$%&'(#	*#+#	#,-"#..'/+

56(')	×	0+1:&%;+	.+#+	+<-0+**%"#
 

 

Table 2.9. List of primers used in RT-qPCR. Description of gene acronym, protein encoded by the gene, and primer 
sequence used for RT-qPCR. Primer sequence indicates the 5’ - 3’ nucleotide sequence of the forward primer (top) and 
reverse primer (bottom). 

Gene Protein Encoded Primer Sequence  

ER Estrogen Receptor Alpha (ERα) 
CCACCAACCAGTGCACCATT 

GGTCTTTTCGTATCCCACCTTTC 
FW 5’ - 3’ 

 

RV 5’ - 3’ 

PGR Progesterone Receptor (PR) 
CGCGCTCTACCCTGCACTC 

TGAATCCGGCCTCAGGTAGTT 
FW 5’ - 3’ 

 

RV 5’ - 3’ 

TFF1 Trefoil Factor 1 (TFF1) 
TCGGGGGTCGCCTTTGGAGCAG 

GAGGGCGTGACACCAGGAAAACCA 
FW 5’ - 3’ 

 

RV 5’ - 3’ 

AREG Amphiregulin (AREG) 
TGGAAGCAGTAACATGCAAATGTC 
GGCTGCTAATGCAATTTTTGATAA 

FW 5’ - 3’ 
 

RV 5’ - 3’ 
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RPL22 60S Ribosomal Protein L22 (RPL22) 
CACGAAGGAGGAGTGACTGG 
TGTGGCACACCACTGACATT 

FW 5’ - 3’ 
 

RV 5’ - 3’ 

36B4 60S Ribosomal Phosphoprotein P0 (RPLP0) 
GTGTTCGACAATGGCAGCAT 
GACACCCTCCAGGAAGCGA 

FW 5’ - 3’ 
 

RV 5’ - 3’ 

2.2.7. Protein Extraction and Quantification 

BC encapsulated explants were collected, centrifuged for 1 min at 50x g and 4 °C and washed with DPBS 

(-/-) and centrifuged for 1 min at 50x g at 4 °C in a 5810R Centrifuge equipped with a F45-30-H rotor. Alginate 
capsules were exposed to a 50 mM Sodium Citrate / 104 mM Sodium Chloride chelating solution in a 
GyroMiniTM Nutating Mixer (Labnet) until all alginate dissolved. Solution was removed and BC explants washed 
with DPBS (-/-), followed by 1 min centrifugation at 50x g and 4 °C. Explants were resuspended in Laemmli 
Lysis Buffer (composition described in Table 2.10), transferred to PowerBead 2.8 mm Ceramic Tubes (Qiagen, 

#13114-50) and lysed using a Precellys Evolution tissue homogenizer (Bertin Technologies). Tissue was 
homogenized for 2 cycles at 4500 rpm for 40 s each with 30 s dwells between cycles. 

Lysates were transferred to new 1.5 mL micro tubes (Sarstedt, #72.706.600) and centrifuged again for 1 min 
at 13 000x g. Supernatant was transferred to new micro tubes and stored at -80 °C until further use (within 
one month). 

 

Table 2.10. Laemmli Buffer Composition used for Protein Extraction of BC Explants. 

Buffer Component Concentration Brand Cat. Number 
Tris-Base (pH 6.8) 1.0 M Calbiochem #648311 
Sodium Dodecyl Sulfate 20% 80 mg/mL Invitrogen #0077027 
Glycerol 40% BioXtra #G66279 
β-Mercaptoethanol 20% Sigma-Aldrich #M3148 

 

 

2.2.8. Western Blot 

Sample Preparation 

Protein samples extracted from BC explants (Section 2.2.7.) were thawed and denatured by boiling for 15 
min at 95 °C in a ThermoMixer C (Eppendorf). Sample protein concentration was quantified with a NanoDrop 
ND-2000C spectrophotometer using Laemmli Lysis Buffer as blank. Samples (28 μg each) were prepared for 
gel loading adjusting final volumes with Laemmli Buffer. NuPAGE™ LDS Sample Buffer [4X] (Invitrogen, #NP0007) 
and NuPAGE™ Sample Reducing Agent [10X] (Invitrogen, #NP0009) were added at required dilutions.  

 

Gel Electrophoresis 

XCell SureLock Mini-Cell Electrophoresis System (Thermo Fisher) was assembled using a NuPAGE™ 4-12% 
Bis-Tris Gel (Invitrogen, #NP0321) and chambers were filled with a NuPAGE™ MES SDS Running Buffer [20X] 
(Invitrogen, #NP0002) in ddH2O. Protein samples were heated for 10 min at 70 °C and centrifuged for 5 min at 
10 000x g before loading 25 μL/well (28 μg protein). SeeBlue™ Plus2 Pre-Stained Protein Standard (Invitrogen, 
#LC5925) was used as ladder. NuPAGE™ Antioxidant (Invitrogen, #NP0005) was added to inner chamber; 
electrophoresis was run at 200 V, for 50 min, with a PowerPac Universal Power Supply (Bio-Rad). When the 
stained migration front gets to the end of the gel, this was removed from the electrophoresis cassette. 
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Wet Transfer 

The gel was transferred to a wet blotting cassette assembled with three blotting papers (Whatman, #GB003) 
on each side, soaked in transfer buffer (composition in Table 2.11), and a PVDF membrane (GE Healthcare, 

#RPN1416F), previously activated in methanol (Merck, #106018) for 3 min, washed in ddH2O and equilibrated in 
transfer buffer. The transfer apparatus was assembled, and the protein transferred overnight, at 30 V at 4 
°C under magnetic agitation in a RCT basic Magnetic Stirrer (IKA), with a PowerPac Universal Power Supply 
(Bio-Rad). After protein transfer, gels were stained for 30 min with InstantBlue™ Coomassie Based Staining 
Solution (Expedeon, #ISB1L) to verify of the non-transferred protein. 

 

Table 2.11. Composition of Wet Transfer Buffer for Protein Blotting. 

Buffer Component Concentration Brand Cat. Number 
Tris-Base 3 mg/mL Calbiochem #648311 
Glycine 14 mg/mL Sigma-Aldrich #104169 
Methanol 20% (v/v) Merck #106018 
Sodium Dodecyl Sulfate 20% 10% (v/v) Invitrogen #0077027 

 

Immunoblot 

Membranes were incubated with blocking solution for 1 h, under agitation, to prevent unspecific binding 
of the antibodies. The composition of the blocking solution was 5% Non-Fat Milk (PanReac AppliChem, #A0830) 
in Tris Buffered Saline Tween (TBST) Buffer; TBST was prepared from pre-packed Tris Buffered Saline, pH 8.0 
(Sigma, #T-6664), dissolved in ddH20, supplemented with 0.1% (v/v) Tween 20 prepared from 20% Tween 20 
(w/v) (Merck, #9005-64-5)).  

The primary antibodies, described in Table 2.12, were incubated in blocking solution in the presence of 
0.1% Sodium Azide (Merck, #6688), to prevent microbial contamination. Detection of β-tubulin was used as a 
loading control. Membranes were incubated overnight at 4 °C in a SRT6 Tube Roller (Stuart). Membrane 
washes were performed in TBST, followed by 2 h incubation with secondary antibody (Table 2.13), at RT, 
under agitation. Secondary antibodies were prepared in blocking solution. Membranes were washed in TBST 
buffer, followed by DPBS (-/-) and incubated for 5 min with Amersham ECL Select Western Blotting Detection 
Reagent (GE Healthcare, #RPN2235), covered from light. Detection was performed in a ChemiDoc XRS+ Imaging 
System (Bio-Rad); analyzes was performed in ImageLab (Bio-Rad), using Chemi Hi Sensitivity protocol for Blots. 

 

Table 2.12. Primary antibodies used for western blot. 

Primary Antibody Brand Cat. Number Host Dilution 

Anti-Estrogen Receptor α (1D5) Invitrogen #MA5-13191 Rabbit – IgG 
(Monoclonal) 

1 : 500 

Anti-Progesterone Receptor (1E2) Ventana #790-2223 
Mouse – IgG 
(Monoclonal) 

1 : 100 

Anti-β Tubulin (H-235) 
Santa Cruz 

Biotechnology 
#SC-9104 

Mouse – IgG 
(Polyclonal) 

1 : 1 000 

 

Table 2.13. Secondary antibodies used for western blot. 

Secondary Antibody Brand Cat. Number Host Dilution 
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ECL Anti-Mouse HRP-Linked GE Healthcare #NA931 
Sheep – IgG 

(Monoclonal) 
1 : 20 000 

ECL Anti-Rabbit HRP-Linked GE Healthcare #NA934 
Donkey – IgG 
(Monoclonal) 

1 : 20 000 

 

2.2.9. Statistical Analysis 

Data from independent biological sample experiments or technical replicates is expressed as mean ± SD. 
Data sets were analyzed using GraphPad Prism 9 (GraphPad Software).  

The nonparametric Mann-Whitney U Test was applied to analyze significance in statistical hypothesis of 
biological independent experiments. Significances are depicted as: n.s.: not significant, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. 
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Chapter 3. Results and Discussion 

 

The main aim of this thesis was the pre-clinical evaluation of therapeutic potential of targeted therapies 
using 3D in vitro and ex vivo BC models previously established in the host Lab. For this purpose, 
methodologies already implemented were applied to generate and maintain two distinct tumor cell models 
(in vitro and ex vivo). These models were then used to assess the effect of endocrine (tamoxifen and 
fulvestrant) and anti-HER2 cell-targeted therapies, specifically ADCs, as proof-of-concepts.  

Following a reconstruction approach of the tumor microenvironment using a 3D cell line-derived model 
different trastuzumab-derived ADCs were applied and their therapeutic potential assessed (Section 3.1). 
Encapsulated spheroids allow, as described in Section 1.4.1.3. (Scaffold-Based Approaches), to accumulate 
ECM 85, protect cell spheroids from shear stress generated by the continuous agitation and avoid spheroid 
fusion. Cell encapsulation also allow a better ease of manipulation without compromising spheroid integrity. 
This method thus tackles the two most described challenges of working with 3D spheroids in agitation: sheer 
stress and spheroids fusion, without any impact on the advantages but even increasing the in vivo features 
recapitulated (ECM accumulation). 

In parallel, and pursuing a maintenance approach, encapsulated microstructures of patient-derived 
explants were stimulated with estrogen and challenged with endocrine therapy and ER downstream signaling 
assessed (Section 3.2). 

 

3.1. Pre-clinical assessment of the therapeutic potential of ADCs using 
an in vitro 3D BC model 

For the assessment of the effect of trastuzumab-derived ADCs (T-ADCs) on HER2+ BC, experiments were 
conducted using the HCC1806 and HCC1954 cell lines. HCC1954 is a HER2+ cell line characterized by 
resistance to monoclonal antibody trastuzumab. HCC1954 cells contain a mutation (H1047R) of PIK3CA, the 
gene encoding the p110a catalytic subunit of PI3K, resulting in aberrant activation of the PI3K/AKT pathway 
that translates on a HER2-PI3K-FoxO-Survivin Axis that has previously been described as a mechanism of 
adaptation or resistance to trastuzumab.112 Since patients resistant to trastuzumab are the primary 
candidates to use HER2-ADCs, as second-line treatment, this cell line was chosen as cell model, due to its 
intrinsic resistance to trastuzumab. HCC1806 is a TNBC cell line (ER-/PR-/HER2-) which served as negative 
control for the specificity of the ADCs targeting HER2.  

Drug challenge comprised mAb and ADCs (Figure 3.5) developed by Dr. Jordi Badillo and Dr. Joan Minard, 
from Universitat Autònoma de Barcelona which were kindly provided as part of a collaborative project: 

• Monoclonal antibody, trastuzumab 
• Heterogeneous conjugated trastuzumab-DM1 (DAR 3) (T-DM1)  
• Heterogeneous conjugated trastuzumab-vcMMAE (DAR 4) (T-MMAE4)  
• Homogeneous conjugated trastuzumab-vcMMAE (DAR 8) (T-MMAE8) 
• Trastuzumab_cys114 (Tcys114), a genetically modified antibody (thiomab) with substituted 

alanine for cysteine at position 114 that allows for site-directed conjugation. 
• Homogeneous conjugated trastuzumab_cys114-vcMMAE (DAR2) (Tcys114-MMAE2)  
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Figure 3.5. Schematic representation of the monoclonal antibody trastuzumab (T) and antibody drug conjugates (ADC) 
trastuzumab-emtansine (T-DM1) and trastuzumab-monomethyl auristatin E (T-MMAE). 
 

 

3.1.1. Assessment of the effect of T-ADCs in 2D BC cell line models  

To establish a control of the relevance of a 3D cell model, and determine the range of concentrations to 
use, a preliminary experiment was performed in HCC1806 and HCC1954 cells, cultured in 2D, consisting of 
drug challenge with trastuzumab and T-ADCs. A schematic representation of the experimental workflow is 
presented in Figure 3.6. Drug challenge was conducted for 3 days, using 10-fold serial dilutions (0.001 to 10 
μg/mL) and the effect was assessed by metabolic activity, measured by resazurin reduction (Presto Blue™ 
assay, Figure 3.7), and cell number, measured by crystal violet assay (Figure 3.8).  

 

 
Figure 3.6. Schematic representation of the experimental design used for the 2D cell culture model and the drug challenge. 
Drug challenge with trastuzumab-derived antibody drug conjugates (T-ADCs), on HCC1806 and HCC1954 cells, performed 24 
hours post-platting of cells. Image created with BioRender©. 

 

The effects of T-ADCs on HCC1806 and HCC1953 2D cultures were analyzed by measuring metabolic 
activity (Figure 3.7.) and cell viability (Figure 3.8.) after three days of drug challenge. When both cell lines 
were exposed to trastuzumab or Tcys114, no differences were observed in both parameters relatively to the 
vehicle control (Figure 3.7. and Figure 3.8.). This result is in accordance with H1806 being described as a 
TNBC cell line, that do not express HER2, and HCC1954 as a trastuzumab-resistant cell line, due to an 
activating PIK3CA mutation.112 An additional mechanism of action of trastuzumab is through ADCC 50,52, but 
this would only be observed in the presence of NK cells. Moreover, the data suggests that the Cys114 
modification did not confer cytotoxicity properties to T.  

In contrast T-DM1 and T-MMAE 8 induced a significant decrease in HCC1806 cell metabolic activity 
(Figure 3.7. A, B) and viability (Figure 3.8. A, B, E), when applied at 1 μg/mL or higher concentrations, as well 
as T-MMAE 4 and Tcys111-MMAE2 at the highest concentration tested, 10 μg/mL. Considering that HCC1806 
are TNBC cells, this result suggests that at high concentrations (10 μg/ml) these T-ADCs may have untargeted 
toxic effects (Figure 3.7. A, B and Figure 3.8. A, B, E). 

–Cys-S– –Lys–

T-DM1
(ADC)

T-MMAE
(ADC)

Trastuzumab
(mAb)
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Figure 3.7. Effect of trastuzumab-derived antibody drug conjugates (3-day challenge) on the metabolic activity of HCC1954 
[HER2+] and HCC1806 [TNBC] cells in 2D cultures. (A & B) Effect on HCC1806 cell metabolic activity. (C & D) Effect on HCC1954 
cell metabolic activity. Metabolic activity assessed by resazurin reduction, normalized to day 0 and represented as percentage 
relative to vehicle control. Data shown as mean ± SD of N independent experiments, as indicated in the figure. Presence of 
outliers tested using Grubb’s Test, alpha 0.05; two-way ANOVA analysis with a correction for multiple comparisons (to a 
control, either T or Tcys114) using Dunnett’s post-hoc statistical hypothesis test was performed when N ≥ 3. Significances are 
depicted as: n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. T = trastuzumab, T-DM1 = trastuzumab-
emtansine, T-MMAE 4 = trastuzumab-monomethyl auristatin E (DAR 4), T-MMAE 8 = trastuzumab-monomethyl auristatin E 
(DAR 8), Tcys114 = modified trastuzumab with substituted alanine for cysteine at position 114, Tcys114-MMAE 2 = modified 
trastuzumab with substituted alanine for cysteine at position 114 conjugated with monomethyl auristatin E (DAR 2). 

 

As for HCC1954, a decrease in metabolic activity and cell concentration relatively to the vehicle control 
was observed even at low concentrations of the T-ADCs (0.1 μg/mL), whereas for HCC1806, only 1 μg/mL or 
higher concentrations were cytotoxic (Figure 3.7. C, D and Figure 3.8. C, D, F); this suggests that there may 
be a concentration range in which ADCs exert specific effects. Interestingly, Tcys114-MMAE 2 induced a 
reduction of cell viability at 0.01 μg/mL (22.5%), higher than T-MMAE 4 (13.3%), which has a higher payload 
(DAR).113  
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Figure 3.8. Effect of trastuzumab-derived antibody drug conjugates (3-day challenge) on the viability of HCC1954 [HER2+] 
& HCC1806 [TNBC] cells in 2D cultures. (A & B) Effect on HCC1806 cell viability. (C & D) Effect on HCC1954 cell viability. (E & 
F) Picture of representative culture plates: cells were fixed, and nuclei stained with crystal violet; crystals were dissolved in 
acetic acid and optical density values measured (Abs 595 nm). Cell viability is represented as percentage relative to vehicle 
control. Data shown as mean ± SD of N independent experiments, as indicated in the figure. Presence of outliers tested using 
Grubb’s Test, alpha 0.05; two-way ANOVA analysis with a correction for multiple comparisons (to a control, either T or 
Tcys114) using Dunnett’s post-hoc statistical hypothesis test was performed when N ≥ 3. Significances are depicted as: n.s.: 
not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. T = trastuzumab, T-DM1 = trastuzumab-emtansine, T-
MMAE 4 = trastuzumab-monomethyl auristatin E (DAR 4), T-MMAE 8 = trastuzumab-monomethyl auristatin E (DAR 8), 
Tcys114 = modified trastuzumab with substituted alanine for cysteine at position 114, Tcys114-MMAE 2 = modified 
trastuzumab with substituted alanine for cysteine at position 114 conjugated with monomethyl auristatin E (DAR 2). 

 

Taken together, these results showed that the data obtained from both endpoints, metabolic activity 
(Figure 3.7) and cell viability (Figure 3.8) were in accordance and corroborating each other, namely in the 
lack of effect observed for trastuzumab or Tcys114 in both cell lines. It was also shown that T-DM1 and T-
MMAE were highly effective and that their effect increased with concentration and DAR number. In addition, 
HCC1954 was shown to be more sensitive to T-ADCs than HCC1806. Even so, at higher concentrations, ADCs 
induced toxicity even on HCC1806, suggesting that there is a therapeutic window to be explored. 

The observations here reported are supported by previous results described by Phillips et al., 2008.114 In 
this study, trastuzumab-sensitive SKBR3 [HER2+] cells cultured in 2D were challenged for 3 days with 
trastuzumab-SMCC-DM1 ADC (DAR 3.2), and viability assessed by Cell Titer-Glo (ATP content). Similar to our 
findings, major reduction in viability was observed at 0.01 μg/mL. MDA-MD-468, a TNBC cell line, was 
challenged in parallel showing reduction in viability above 1 μg/mL in a result very close to the one here 
reported. Recently, Saatci et al., 2018 115 have also reported T-DM1 challenge for 3 days on SKBR3 [HER2+] 
and BT-474 [Luminal B with HER2+] cells grown in 2D; the effect was assessed on cell viability (measured by 
ATP levels) and apoptosis (measured by quantification of caspase -3/7 activation). Yet, in the referred work 
single cells were plated in Matrigel, a previously described animal-derived active matrix with higher variability 
than the inert alginate scaffolds as described in the next section within the 3D model. 

The results published report an EC50 of 0.01 μg/mL for SKBR3 [HER2+] cells and 0.43 μg/mL for BT-474 
[Luminal B] cells, a 43-fold increase. This finding is corroborated by the trend described here, with major 
reduction of viability in HER2+ cells after 3 days challenge at 0.01 μg/mL and a higher concentration required 
for T-DM1 to be effective in HER2- cells.  

Another study by Abdollahpour-Alitappeh et al., 2019 116 conducted drug challenges in trastuzumab-
sensitive SKBR3 [HER2+] and insensitive MDA-MB-468 [TNBC] cells. Trastuzumab-vcMMAE ADC (DAR 5.12) 
was applied for 3 days and a major reduction in cell viability/proliferation (MTT assay) was observed for 0.01 
μg/mL of ADC, with 70% decrease in SKBR3 cells, in a result comparable to the one we are reporting for 
HCC1954 [HER2+] cells and within the reduction of cell viability (crystal violet assay) observed at the same 
concentration (Figure 3.8) with T-MMAE 4 (33.7%) and T-MMAE 8 (74.0%). In MDA-MB-468 [TNBC] cells, at 
the highest concentration tested (1 μg/mL), reduction in metabolic activity was only of 35%, a result in line 
with what we observed in HCC1806 [TNBC] cells; for the same concentration (0.01 μg/mL of ADC, Figure 3.7) 
we have found no decrease in metabolic activity (resazurin reduction assay) with T-MMAE4 and a 50% 
reduction with T-MMAE 8. 
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3.1.2. Assessment of the effect of T- ADCs in encapsulated 3D spheroids of BC 
cell lines  

Having observed that ADCs resulted in decreased metabolic activity and viability of HCC1954 cells 
cultured in 2D but did not impacted significantly HCC1806 TNBC cells (except at the highest T-ADCS 
concentration), we moved to assess whether this effect could also be observed in 3D cell cultures. To this 
purpose, 3D cancer cell spheroids were employed. In 2D monolayer, proliferation genes and morphology are 
modified compared to the human tumors. As alternative, 3D cultures of cancer cell lines successfully 
reproduce the tumor cell cluster organization and morphology observed in tumors, presenting increased 
similarity to the in vivo, as discussed in the Introduction Section of this thesis. The host Lab has previously 
established a 3D cancer cell model based on alginate encapsulation of tumor cell spheroids, eventually in co-
culture with other cell types present in the TME.82 Considering the future use of these models more 
recapitulative of the TME to evaluate T-ADCs, the assay setup included the encapsulation of 3D cancer cell 
spheroids to avoid spheroid fusion, promote accumulation of ECM and protect spheroids from agitation-
derived sheer-stress. 

The experimental layout of the drug assays in 3D cultures is represented in Figure 3.9. The same cell lines 
and drug concentration range (0.001 to 10 μg/mL) used in the drug challenges in 2D were employed in 3D; 
as for the incubation period, it was extended from 3 to 7 days. The drug exposure period was longer since 
DM1 and MMAE are microtubule inhibitors that prevent cells in division from completing mitosis, and the 
cell growth rate in the 3D setting is lower 80. This slower cell growth is derived from two factors: contact 
inhibition, a well-known regulatory mechanism by which proliferation rate of mammalian cells is dictated by 
the space available, with induction of cell cycle arrest to stop proliferation once the available space is 
occupied69; cellular response to environment stiffness and consequently elasticity. Therefore, cells in 
spheroids grow slower than in 2D due to contact inhibition and dependent on the stiffness of the alginate 
matrix.69,88 BC tissues have increased matrix stiffness than healthy tissue, which is known to contribute to 
tumor cell dissemination,82 and alginate scaffolds contribute to recreate the original in vivo TME providing a 
firm mechanical support with still higher elasticity than 2D substrates.88 As such, stiffness of alginate scaffolds 
takes particular relevance in allowing growth and viability of tumor cells in 3D spheroids, and its viscosity 
must be finely tuned.  

 

 
Figure 3.9. Schematic representation of the experimental design used for the encapsulated 3D cell models and for the drug 
challenge. HCC1806 and HCC1954 cells expanded in 2D cultures systems were inoculated into AggreWell™400 microwell 
culture plates (HCC1806) or spinner vessels (HCC1954) to induce aggregation into spheroids. Cancer cell spheroids were 
encapsulated prior to drug challenge with the trastuzumab-derived antibody drug conjugates (T-ADCs). Image created with 
BioRender ©. 
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The effect of drug challenge was quantitatively assessed by metabolic activity through resazurin reduction 
(Presto Blue™ assay, Figure 3.10). T-ADCs had not significant effect on the metabolic activity of the TNBC cell 
line HCC1806 (Figure 3.10. A, B), although there was a tendency for a decrease at the higher T-ADC 
concentration, similar to the results obtained in 2D (Figure 3.7. A, B). For the HCC1954 cell line (Figure 3.10. 
C, D), neither with trastuzumab nor Tcys114 induced a reduction in the metabolic activity. In contrast, a 
strong reduction of the metabolic activity of HCC1954 cells was observed for all the T-ADCs, as reported 
above in 2D cultures (Figure 3.7. C, D).  

 

 
Figure 3.10. Effect of trastuzumab-derived antibody drug conjugates (7-day challenge) on the metabolic activity of 
HCC1954 [HER2+] & HCC1806 [TNBC] cells in encapsulated 3D cultures. (A & B) Effect on HCC1806 cell metabolic activity. (C 
& D) Effect on HCC1954 cell metabolic activity. Metabolic activity assessed by resazurin reduction, normalized to day 0 and 
represented as percentage relative to vehicle control. Data shown as mean ± SD of N independent experiments, as indicated 
in the figure. For N=1, values correspond to mean ± SD of technical quadruplicates. Presence of outliers tested using Grubb’s 
Test, alpha 0.05; two-way ANOVA analysis with a correction for multiple comparisons (to a control, either T or Tcys114) using 
Dunnett’s post-hoc statistical hypothesis test was performed when N ≥ 3. Significances are depicted as: n.s.: not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. T = trastuzumab, T-DM1 = trastuzumab-emtansine, T-MMAE 4 = 
trastuzumab-monomethyl auristatin E (DAR 4), T-MMAE 8 = trastuzumab-monomethyl auristatin E (DAR 8), Tcys114 = 
modified trastuzumab with substituted alanine for cysteine at position 114, Tcys114-MMAE 2 = modified trastuzumab with 
substituted alanine for cysteine at position 114 conjugated with monomethyl auristatin E (DAR 2). 
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In what concerns the effect of T-MMAE 4 and T-MMAE 8, at 0.1 μg/mL, a reduction of 2.7% and 30.9% 
relatively to vehicle control, respectively, was observed, whereas in the higher and lower concentrations 
there was not a marked difference between both ADCs (Figure 3.10. C, D). Although preliminary, these results 
suggest that increasing the DAR of the T-ADCs results in a higher toxicity to HER2+ cells, mainly at 
intermediate concentrations. Nevertheless, this represents the result of a single independent experiment 
(performed with technical quadruplicates), and therefore further experiments are required to determine 
statistical significance and confirm this hypothesis. 

Furthermore, when applied at 0.1 μg/mL, Tcys114-MMAE 2 induced a reduction in metabolic activity of 
25.7% relatively to the vehicle control condition, whereas T-MMAE 4 induced no significant reduction (2.7%). 
Only when employed at 1 μg/mL, T-MMAE 4 induced a similar level of toxicity of Tcys114-MMAE 2, but even 
at this concentration, Tcys114-MMAE 2 was more effective (68.8% vs 60.5%) in terms of reduction of 
metabolic activity (Figure 3.10. C, D). Unconjugated Tcys114 showed no effect. These data suggests that 
Tcys114-based ADCs may be more effective even with reduced payloads.  

Finally, the Area Under the dose-response Curve (AUC) was calculated for the 2D and 3D drug assays 
(Figure 3.11). AUC has been described as a more accurate metric than EC50 (half maximal effective 
concentration) for analysis of four parameter logistic (4PL) regression of dose response curves, namely when 
comparing and ranking different compounds.117,118 Being an integrated measurement, AUC has the best 
performance when classifying different curves, since it has the advantage of accumulating information across 
the entire dose range.  

Comparing the AUC results from 2D metabolic activity (Figure 3.11. A) with cell viability (Figure 3.12. B), 
it is clear how both assays provided a similar result. All T-ADCs have shown to be more effective on HCC1954 
cells, with a reduction of viability around 50%, and a reduction of activity around 75%. T-MMAE 8 was the 
most effective T-ADC in reduction of cell viability (60%) and T-MMAE 4 the less effective on both assays 
(respectively 40% and 60% decrease compared to T). These observations support the complementarity of 
the readouts and the reduction of metabolic activity prior to decrease in viability could be assessed. In 
HCC1806 both T-DM1, T-MMAE 8 and Tcys114-MMAE2 resulted in decreased metabolic activity (10% to 
30%) and cell viability as well (15% to 25%), although respectively at lower extent. T-MMAE 4 effect was 
comparable to trastuzumab. Tcy114-MMAE 2 had an effect more similar to T-MMAE 8, which presents a 
higher payload, than with T-MMAE 4. As previously described, this might be related to the expected 
increased effect of homogeneously conjugated ADCs such as the case of the Tcys-MMAE 2. 

The AUC of metabolic activity (Figure 3.11. C) revealed a lower effect of T-ADCs in  relation to the control 
mAbs), than it has in 2D (Figure 3.11. A), although a similar trend was observed. Comparing AUC of metabolic 
activity in 3D, the difference is particularly remarkable for HCC1954, where effect of all T-ADCS was similar 
and but not surpass a reduction of 17% to 25%, at least 50% less than the previous observations in 2D. As for 
HCC1806, reduced effect was observed, for T-DM1, T-MMAE 8 and Tcys114-MMAE 2 in reduction of 
metabolic activity (around 10% to 20%) and, as in 2D, T-MMAE 4 was not effective. Yet, the majority of this 
assay results from a single independent experiment (performed with quadruplicates) and further studies are 
required to determine significance of the results. 

Even though, these observations suggest that HCC1954 cells were less sensitive to T-ADCs in 3D than in 
2D cultures. In 3D cultures, only at the higher drug concentrations the effect was similar to the one detected 
in 2D at considerably lower concentrations. For therapeutic purposes, the use of higher concentrations is 
not be the best strategy since it can lead to unspecific off-target effect and the alternatives are cyclic 
exposure, or prolonged exposure times 116; it remains to be determined if prolonged drug challenges with 
intermediate drug concentrations can induce in 3D cytotoxicity similar to that detected in 2D.  
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Interestingly, T-DM1 (DAR 3.1) shows a similar effect in reduction of cell viability or metabolic activity to 
the one described for T-MMAE 8 both in 2D and in 3D. Although both cytotoxic molecules, are anti-
microtubule agents, DM1 mechanism of action is similar to vinca alkaloids, while MMAE mechanism of action 
resembles the one exerted by taxanes. Nevertheless, we found that one explanation for the possible 
increased toxicity of T-DM1 (non-cleavable linker), in relation to T-MMAE 8 (cleavable linker), comes from 
the observation of Tsuchikama & An 57 that in ADCs with non-cleavable linker, the payload structure must be 
carefully designed so that upon proteasomal degradation it can exert comparable or even better anti-tumor 
potency.57 

 

 

Figure 3.11. Effect of trastuzumab-derived antibody drug conjugates in 2D and encapsulated 3D cultures of HCC1954 
[HER2+] & HCC1806 [TNBC] cell lines, assessed by the area under the dose-response curve (AUC) of metabolic activity and 
viability. Effect in (A & B) 2D and (C) encapsulated 3D cultures. (A & C) AUC of metabolic viability, determined by resazurin 
reduction. (B) AUC of cell viability, determined by crystal violet staining. Values were determined by mathematical fitting of 
Log10 [compound] represented on a linear axis with 4 parameter logistic (4PL) regression and are represented as percentage 
relative to antibody control (T for T-DM1, T-MMAE4 and T-MMAE 8; Tcys114 for Tcys114-MMAE2). Data shown as mean ± 
SD of N independent experiments, as indicated in the figure. For N=1, values correspond to mean ± SD of technical 
quadruplicates; two-way ANOVA analysis with a correction for multiple comparisons (to a control, either T or Tcys114) using 
Dunnett’s post-hoc statistical hypothesis test was performed when N ≥ 3. Significances are depicted as: n.s.: not significant, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. T = trastuzumab, T-DM1 = trastuzumab-emtansine, T-MMAE 4 = 
trastuzumab-monomethyl auristatin E (DAR 4), T-MMAE 8 = trastuzumab-monomethyl auristatin E (DAR 8), Tcys114 = 
modified trastuzumab with substituted alanine for cysteine at position 114, Tcys114-MMAE 2 = modified trastuzumab with 
substituted alanine for cysteine at position 114 conjugated with monomethyl auristatin E (DAR 2). 
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The methods used in this study, such as resazurin reduction (PrestoBlue™ assay), provide a general 
picture of the variation in cell metabolic activity after drug challenge but does not give spatial information of 
the cells affected within the spheroids. So, fluorescence microscopy analysis was used to discriminate the 
cells affected by the T-ADCs in each condition. Cell viability (Figure 3.12) and cell apoptosis (Figure 3.13) were 
evaluated. For this, encapsulated HCC1806 and HCC1954 spheroids were stained with FDA (live cells) / TO-
Pro®-3 (dead cells) and MitoView™ (mitochondrial membrane potential)/ NucView® (apoptosis), after 7 days 
treatment with 1 μg/mL of each mAb or T-ADC, plus vehicle control. The 1 μg/mL was chosen based on the 
results described above; at this concentration, a differential effect among the monoclonal antibodies and T-
ADCs was observed (Figure 3.10), contrary to the highest dose of 10 μg/mL that induced similar effects in 
HCC1954 and HCC1806 cells cultured in 3D (Figure 3.10). TO-Pro®-3 and NucView® were used as two 
measurements of cell death, as the first identifies cells with compromised plasma membranes, and the 
second identifies late apoptotic cells with activated caspase-3/7. 

TO-Pro®-3 staining was more prominent in 3D HCC1954 spheroids (Figure 3.12. B) than in 3D HCC1806 
spheroids (Figure 3.12. A). For both cell lines, the reduction in viability upon T-ADC challenge was clear when 
compared to the mAb- or vehicle- conditions. For HCC1954, it was also observed that T-MMAE 8 had a higher 
effect than T-MMAE 4, showing once again how increased payload can contribute to increased cytotoxic 
effect. Nevertheless, it must be taken into consideration that these images are from a single independent 
experiment (performed with technical quadruplicates), thus further independent experiments will be 
required to confirm this observation. Upon 7 days of challenge with Tcys114-MMAE at 1 μg/mL, it was 
observed that the majority of the HCC1954 cells were apoptotic (Figure 3.13), except in the core of the 
spheroids; on the contrary, under exposure to the same concentration of Tcys114 just a few sparsely 
distributed apoptotic cells were detected.  

These observations corroborate the data obtained when evaluating net metabolic activity of the cultures. 
It was also observed that T-ADCs induced higher apoptosis levels in HCC1954 (Figure 3.13. B) than in 
HCC1806 (Figure 3.13. A) but even in the latter, apoptosis was higher with T-ADCs than with the mAb controls 
(T and Tcys114), or the vehicle control. Comparing the cell viability (Figure 3.12) upon T-ADCs challenge in 
both cell lines, HCC1806 spheroids (Figure 3.12. A) had a more compact core of live cells (FDA+) than HCC1954 
spheroids (Figure 3.12. B), in which the cells in the core were looser, and many dead cells were detected. 
The apoptosis staining, (Figure 3.13) allowed a clearer identification of individual dead cells than viability 
staining (Figure 3.12), both in the outer layer and in the core of the HCC1954 spheroids challenged with the 
T-ADCs (Figure 3.13. B), in higher amount than in the HCC1806 spheroids exposed to the same challenge 
(Figure 3.13. A). The increased specificity from apoptosis staining with NucView® 488 derived from specific 
recognition of the DEVD sequence form caspase-3/7 in discrete regions of the cytoplasm (Figure 3.13), while 
in viability staining TO-PRO-3® Iodine penetrates compromised membranes and accumulates fluorescence 
indiscriminately in the cytoplasm (Figure 3.12). 

In summary, exposure of alginate-encapsulated 3D spheroids to T-ADCs showed that the drugs induced 
a less evident reduction of metabolic viability than in 2D assays, with HCC1954 showing higher susceptibility 
than HCC1806. In fact, even at the highest T-ADCs concentration applied, there was still detectable metabolic 
activity (35% to 40% of vehicle control), whereas in the 2D cultures the metabolic activity observed after 3 
days of challenge was residual (5% to 15% of vehicle control). These results were corroborated by the 
fluorescence microscopy analysis, as increased loss of cell viability and increased apoptosis were observed 
in HCC1954 cells, particularly in the outer layer of the spheroids (that retained a viable core), suggesting that 
the 7 days of exposure were not enough to allow for a homogeneous distribution of the drug. Another 
hypothesis is that the cells in the core of the spheroids presented a slower proliferation rate than the ones 
on the spheroid periphery and therefore were less susceptible to the T-ADCs.  



 47 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.12. Effect of trastuzumab-derived antibody drug conjugates (7-day challenge) in cell viability of HCC1954 [HER2+] & 
HCC1806 [TNBC] cells in encapsulated 3D spheroids, assessed by fluorescence microscopy. Effect on HCC1806 (A) and HCC1954 
(B) cell viability. Drug challenge conducted for 7 days at 1 μg/mL. Staining with FDA (green) shows live cells and staining with TO-
Pro®-3 (red) shows dead cells. Scale bars represent 200 μm. Representative images from one experiment with technical 
quadruplicates.  
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Figure 3.13. Effect of trastuzumab-derived antibody drug conjugates (7-day challenge) in cell apoptosis of HCC1954 [HER2+] 
& HCC1806 [TNBC] cells in encapsulated 3D spheroids, assessed by fluorescence microscopy. Effect on HCC1806 (A) and 
HCC1954 (B) cell apoptosis. Drug challenge conducted for 7 days at 1 μg/mL. Staining with MitoView™ (red) shows live cells and 
staining with NucView® (green) shows late apoptotic cells. Scale bars represent 200 μm. Representative images from one 
experiment with technical quadruplicates.  
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As for the first hypothesis, the behavior observed is in accordance with the largely reported difficult tissue 
penetration and heterogeneous distribution of antibodies within solid tumors.119,120 Macromolecular 
compounds such as monoclonal antibodies face particular extravascular distribution difficulties due to their 
high molecular weights and target-binding affinity, as well as a range of other factor such as vascularity, 
hypoxia, or drug efflux transporters, thus resulting in slow and often inefficient drug penetration.121,122 
Regarding the biomaterial component of the 3D cell models employed in this thesis, in a previous work from 
the host Lab, Cartaxo et al., 2020 have demonstrated penetration and diffusion of a fluorescent antibody in 
alginate capsules, reaching the tumor cell spheroids 119, therefore we do not expect the encapsulation to 
affect drug penetration. 

The slower growth rate (higher doubling time) of cells cultured in 3D is a well-studied phenomenon that 
among others derives from space restrains 80 and as the cytotoxic drugs conjugated to trastuzumab are 
antimitotic agents, it is expected that these take longer time in 3D than 2D to exert their cytotoxic effect. 
Moreover, it has been largely described that a quiescent center may be formed in tumor cell spheroids, due 
to diffusional limitations of oxygen and nutrients.79,80 Also, cell growth has been described to be repressed 
by collagen physical properties 85 and it is established how encapsulated 3D spheroids promote higher 
accumulation of ECM proteins such as this, in relation to 2D culture.82 

These differential cell response within each cell line to the T-ADCs was only possible in 3D models, as in 
2D all cells are equally exposed to nutrient, oxygen and drugs and the concentration gradients present in 
tumors are not recapitulated.120 Overall, this suggested that more time might be required in 3D culture 
systems for observation of the same effect. 

 

3.1.3. Assessment of the long-term effect of T- ADCs in 3D BC cell models 

As described in Section 3.1.3., when encapsulated 3D spheroids were exposed to T-ADCs for 7 days, there 
was a proportion of exposed cells that remained alive, suggesting that a longer exposure to the drugs would 
be required to observe maximum therapeutic effect. To setup longer-term studies, we focused on the 
HCC1954-based encapsulated 3D spheroid model. We took advantage of the amenability of the 3D cell 
culture strategy employed in this thesis as, in fact, it is compatible with long-term and cyclic drug exposure 
regimens.81 The schematic of the experimental design in represented in Figure 3.14. Microencapsulated 
spheroids were cultured for one week, under agitation, prior to exposure to the drugs, for one or two weeks 
(Figure 3.14). The initial 7-day culture period was introduced to promote the molecular crosstalk between 
tumor cells, establishing paracrine interactions regulated by secreted molecules (growth factors, cytokines) 
and ECM.82  
 

 
Figure 3.14. Schematic representation of the experimental design used for the for generation of encapsulated 3D cell 
models and for the long-term drug challenge. HCC1954 cells expanded in 2D cultures systems were inoculated in spinner 
vessels to induce aggregation into spheroids. Cancer cell spheroids were encapsulated in alginate and cultured for one week 
under agitation, to generate the 3D cell model, which was subjected to drug challenge with the trastuzumab-derived antibody 
drug conjugates (T-ADCs). Image created with BioRender ©. 
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To have a direct quantitative measurement of the cytotoxicity induced by the drugs, the lactate 
dehydrogenase (LDH) release assay was employed. LDH is a cytoplasmic enzyme that, upon plasma 
membrane damage, is released to the extracellular space. The LDH release assay consists in the 
measurement of the enzymatic activity of LDH in the culture supernatant. This assay has been described by 
Gordon et al.123 or Fotakis & Timbrell 124 as a one of the most used methods providing a rapid and reliable 
detection of cell death following exposure to toxic substances. Other methods described for in vitro 
assessment of drug-induced cytotoxicity are indirect, relying on measurement of cell viability and 
proliferation such as ATP production or DNA content (e.g., crystal violet), metabolic activity (e.g., MTT, MTS 
and resazurin reduction assays), cellular uptake and binding (e.g., neutral red uptake) and colony formation 
ability. Assays that measure apoptosis, such as caspase activity can also be employed if this is the death 
mechanism induced by the drug.123,124 One potential benefit of the LDH cytotoxicity assay is the ability to 
distinguish between cell death and growth inhibition; another advantage is that it is not a destructive assay 
and cells can be either use for additional readouts or remain in culture. Moreover, it has also advantages for 
3D cultures, in which dead cells/cellular remains may be trapped in the 3D structure and accounted as live 
cells as in other assays such as crystal violet (where dead cells remain encapsulated and therefore the DNA 
of necrotic cells would also be accounted).123,124 LDH release is regularly used in the host Lab for assessment 
of cytotoxicity in drug challenge of 3D cell models with targeted therapies.125  

Prior to the assessment of cytotoxicity, the linearity range of the assay employing encapsulated HCC1954 
spheroids was determined. To this end, different amounts of capsules were plated and the metabolic activity 
(resazurin reduction assay, Figure 3.15. A) and total LDH activity assessed after membrane disruption of the 
cells in culture with Triton™ X-100 (Figure 3.15. B). As shown in Figure 3.15. B, the mean values of LDH activity 
were within the linearity range for all capsule concentrations tested although above 40 capsules per well, a 
higher standard deviation was detected but were similar to the standard deviation obtained for the 
metabolic activity measurements (Figure 3.15. A). As these results derive from a single independent 
experiment (performed with technical quadruplicates), this increased standard deviation was probably due 
to technical issues in the capsule distribution procedure. We continued with the previously used range of 25 
to 30 capsules per well, that had yielded a good linearity and low standard deviations. 

 

 
Figure 3.15. Calibration curves of resazurin reduction and LDH activity as a function of the number of capsules containing 
HCC1954 [HER2+] spheroids. (A) Metabolic activity as a function of the number of capsules. Linear regression, with an R2 of 
95.7%. (B) Total LDH activity as a function of the number of capsules. Total LDH activity determined by total cell lysis by 
exposure to the detergent Triton™ X-100. Linear regression, with an R2 of 95.2%. Data presented as mean ± SD of technical 
quadruplicates. Number of capsules plated determined from the calibration curve presented in Figure S.28. 
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For the next assays, drug challenge comprised only one T-ADC for determination of EC50, so that 
challenge with the same ADC concentration in future experiments could be performed, thus allowing a more 
feasible experimental setup and practical comparison of their effects. Tcys114-MMAE 2 at 8 serial 
concentrations, within the same range applied before (from 0.001 to 10 μg/mL), was the T-ADC of choice. 
These concentrations yielded good results on the experiments described above, namely a reduction in cell 
viability and metabolic activity in the same order of magnitude as the other tested T-ADCs, thus being 
comparable and allowing to extrapolate a correlation to those. This assay would therefore provide a 
quantifiable assessment of an optimal concentration to apply with all T-ADCS and mAbs used before and 
determine their effect in further experiments. Although it is expected that EC50 may vary among the tested 
ADCs, the range of concentration where a more accentuated slope in the variation of metabolic activity or 
cytotoxicity is observed should be within the same order of magnitude since the above experiments 
demonstrated a similar effect among them.  

A first experiment sought to determine whether the suggested 1- or 2-week drug challenge period could 
determine effect in metabolic activity and cytotoxicity (Figure 3.16). For assessment of cytotoxicity overtime, 
only LDH leakage was detected whereas the normalization of LDH activity with maximum LDH release upon 
membrane permeabilization was not performed in order to assess spontaneous release of LDH over a 2-
week period. 

 

 

Figure 3.16. Assessment of the overtime effect of trastuzumab-derived antibody drug conjugates on the metabolic activity 
and cytotoxicity of HCC1954 [HER2+] cells in encapsulated 3D cultures. (A) Effect on metabolic activity (over 2-week 
challenge) assessed by resazurin reduction and represented as percentage relative to day 0. (B) Effect on cytotoxicity (over 
2-week challenge) assessed by LDH leakage. Data shown as mean ± SD of technical quadruplicates. Presence of outliers tested 
using Grubb’s Test, alpha 0.05. Tcys114-MMAE 2 = modified trastuzumab with substituted alanine for cysteine at position 
114 conjugated with monomethyl auristatin E (DAR 2). 

 

The evolution of Tcys-MMAE 2 effect overtime in metabolic activity (Figure 3.16. A) and cytotoxicity 
(Figure 3.16. B) was assessed to determine whether prolonged drug exposure up to 2 weeks would provide 
a timeframe amenable to observe a potential time-dependent increase in drug effect. For this preliminary 
assay, only three intermediate drug concentrations (from 0.1 to 2.5 μg/mL) and vehicle control were 
evaluated (in quadruplicate). Over the 2-week drug challenge, it is observed how metabolic activity increases 
in the untreated condition, in agreement to expected increased cell proliferation (Figure 3.16. A), by 
opposition to the three conditions with Tcys114-MMAE2, where metabolic activity decreases, in particular 
between 10 to 14 days. From 7 to 10 days drug challenge, longer drug challenge does not appear to result 
in a significant increased effect. Moreover, increased concentration relates to decreased metabolic activity 
in every timepoint, as expected. A similar behavior is observed at the cytotoxicity level, measured by LDH 
leakage (Figure 3.16. B). Three-days ADC challenge was not sufficient to induce LDH leakage, so we excluded 
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this time point from subsequent analysis. LDH leakage was observed starting from 7 days, particularly at the 
higher drug concentration tested, with increased effect observed at 10 and 14 days. Having this result in 
mind, it was concluded that the 1- to 2-weeks drug challenge period provides an amenable timeframe to 
assess the effect of Tcys114-MMAE 2. 

Afterwards, Tcys114-MMAE 2 challenge for either 1 or 2 weeks was performed (Figure 3.17). An analysis 
of the results from metabolic activity (Figure 3.17. A) suggests that the observable effect of Tcys114-MMAE 
2 in reducing activity is higher upon 2 weeks of drug challenge than 1 week, as it was anticipated. 
Nevertheless, in both challenges, higher drug concentrations correlated with lower metabolic activity (Figure 
3.17. A), suggesting a decreased cell viability. A longer drug challenge (2 weeks compared to 1 week) also 
resulted in a more accentuated reduction of cellular metabolism (60% upon 1 week and 80% upon 2 weeks 
at the highest tested concentration), at the point that, at higher concentrations (above 2.5 μg/mL), the 
remaining metabolic metabolism is minimal (around 0% to 5% for 2 weeks). Indeed, upon 2-weeks drug 
challenge, the reduction in metabolic activity (Figure 3.17. A) is accompanied by a parallel 3-fold increase in 
cytotoxicity (Figure 3.17. B) revealed by a dose-dependent increase in LDH activity in culture medium (LDH 
leakage normalized to total LDH activity). This fact suggests that both assays are complementary and support 
each other: while increased drug concentration translates in a reduction of metabolic activity, it also 
corresponds to increasing cell cytotoxicity. Yet, LDH leakage was not observed at 1 week (Figure 3.17. B), 
which suggests that reduced mitochondrial metabolism due to ADC exposure, revealed by the resazurin 
reduction assay, occurs prior to cytotoxicity detection. 

 

 
Figure 3.17. Effect of trastuzumab-derived antibody drug conjugates (1- or 2-week challenge) on the metabolic activity and 
cytotoxicity of HCC1954 [HER2+] cells in encapsulated 3D cultures. (A) Effect on metabolic activity assessed by resazurin 
reduction, normalized to day 0 and represented as percentage relative to vehicle control. (B) Effect on cytotoxicity assessed 
by LDH activity values (ratio of LDH leakage over total LDH activity) and represented as fold change relative to vehicle control. 
Data shown as mean ± SD of 2 independent experiments. Presence of outliers tested using Grubb’s Test, alpha 0.05. Filled 
lines represent the nonlinear 4 parameter (4PL) regression of Log [Tcys114-MMAE 2]; values determined are presented in 
Table 3.14. Tcys114-MMAE 2 = modified trastuzumab with substituted alanine for cysteine at position 114 conjugated with 
monomethyl auristatin E (DAR 2). 

 

These observations are also supported by the EC50 value provided in Table 3.14. In metabolic activity at 
1 or 2 weeks, the EC50 value, yielded by nonlinear fit, was 0.095 or 0.017 μg/mL, respectively, while 
cytotoxicity corresponded to an EC50 of 0.487 μg/mL at 2 weeks. The decrease in EC50 concentration of 
metabolic activity from 1 to 2 weeks reflects how a lower concentration has equivalent effect upon 
prolonged drug challenge than a higher concentration for a shorter period. When comparing both metabolic 
activity and cytotoxicity values at 2 weeks, the higher EC50 concentration expresses the decreased 
susceptibility in assessing LDH leakage when compared to metabolic activity assay, such that, at 1 week, 
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there is no increase in LDH activity (Figure 3.17 B) to determine EC50. As such, in future experiments, the 
effect of T-ADCs upon 2-weeks drug challenge at a fixed concentration between 0.01 and 0.5 μg/mL would 
be of interest to evaluate.  

 

Table 3.14. Half effective maximum concentration (EC50) of the effect of trastuzumab-derived antibody drug conjugates 
(1- or 2-week challenge) on the metabolic activity and cytotoxicity of HCC1954 [HER2+] cells in encapsulated 3D cultures. 
Values determined by nonlinear 4 parameter (4PL) regression of Log [Tcys114-MMAE 2] of 2 independent experiments 
represented on Figure 3.17. Tcys114-MMAE 2 = modified trastuzumab with substituted alanine for cysteine at position 114 
conjugated with monomethyl auristatin E (DAR 2). 

Metabolic Activity Cytotoxicity 

EC50 1 week = 0.095 μg/mL – 

EC50 2 weeks = 0.017 μg/mL EC50 2 weeks = 0.487 μg/mL 

 

 

As previously pledged, the improvement in novel BC models for pre-clinical phases of drug development 
served as motivation for this work. While the growing knowledge and innovation in drug discovery over the 
last years has provided new molecular targets and therapeutic approaches to address BC, advance on pre-
clinical models in use has not, in general, been coincident. To this day, still many drug development assays 
rely on challenge of cells cultured in monolayer (2D) and a few percentage of papers have evolved to novel 
and more complex 3D models, with wide advantages in recapitulating TME, such as spheroids cultures 126,127 
or tumor organoids 94,128, described and advocated as useful tools for this purpose.  

One particular study by Sachs, et al., 2018 129 described the generation of a living biobank composed of 
over 100 BC organoid lines that broadly recapitulate histological and genetic features of original tumors. 
Blinded histopathological analysis showed preservation of ER/PR in around 75% of organoids derived from 
ER+/PR+ tumors, while HER2 status was retained in 80% of HER2+ tumor-derived organoids.129 However, IHC 
analysis was performed with unprocessed pieces from each sample at day 0 and consequently no long-term 
maintenance of these key biomarkers was assessed. Nevertheless, in vitro drug assays revealed some 
heterogeneity in response of BC organoids to diverse anti-HER2 targeted therapy upon viability analysis 
(CellTiter-Glo), both between distinct organoids with similar HER2 expression upon the same drug challenge, 
and between different drugs applied to the same organoid.129 Although authors consider drug sensitivities 
obtained in vitro to bear physiological significance, we must consider the high degree of processing and 
selection of samples, which were subjected to isolation of tumor viable cells and do not retain original TME, 
neither the diversity of non-tumorous cell types, such as stroma. 

Remarkably, the use of spheroids (particularly from BC) for the evaluation of the effect of anticancer 
drugs, and namely ADCs, has yet been scarce, but some publications 130–132 have already reported these 
models for assessment of ADC efficacy. One of them, Arhoma et al.131 has used both a suspension culture 
and an alginate-based 3D culture model similar to the one we employ, to assess the therapeutic effect of a 
ligand protein in multiple myeloma cells, assessing growth inhibition (CellTiter-Glo) and apoptosis (PI 
fluorescent microscopy and caspase-3 activity). Interestingly, they found 3D cell spheroids to be more 
sensitive to the drug tested, compared to 3D suspension cultures that did not show significant apoptosis 
after challenge. This result is in accordance with the differential therapeutic effect of cell spheroids cultured 
in 3D upon drug challenge similar to what we have also been describing, although in our findings T-ADCs 
were shown to be less effective in 3D. As such, this observation contributed to the hypothesis that cells 
cultures using 3D models have distinct expression of signaling pathways that may alter drug sensitivity. 
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Most recently, Durbin et al. 132 have reported the effect of an ADC using MMAE payload (DAR 4) in treating 
squamous cell carcinoma spheroids, highlighting how various in vivo features, such as tumor penetration, 
cell interactions and increased resistance to therapeutics, can be integrated into a spheroid model. In this 
work, it was described how the MMAE ADC notably had weaker potency against spheroids compared to cells 
in monolayer, similar to what we observed. Nevertheless, upon ADC challenge, spheroid volume still 
decreased following a dose-dependent kinetic, with over 85% volume reduction at the highest 
concentrations. Moreover, this volume reduction during treatment appeared to occur from the outside-in, 
likely because cells from the outside were exposed to a higher local concentration of drug than those further 
towards the core of the spheroids, one crucial observation that we were able to replicate. In addition, it was 
reported how in large spheroids there is limited access to oxygen and nutrients at the core, which might 
contribute to lower proliferation of these cells in relation to the ones at the perimeter of the spheroid. Since 
mitotic cells are more prone to microtubule inhibitors as MMAE, it may be possible that these cells require 
longer drug challenge for effect to be observed. This remark is indeed in line with the effect we have reported 
in 3D spheroids challenged with T-ADCs, where we observed a live core surrounded by dead cells and which 
might provide an additional explanation to this fact. 

Finally, even though all of these observations are in accordance with the findings we have reported, to 
the best of our knowledge, neither these or any other publication has employed suspension culture of 
spheroids with agitation and the scaffold-based encapsulation for evaluation of BC targeted therapies, 
namely anti-HER2 ADCs. As such, we believe the work we present paves the way for future pre-clinical 
assessment of BC targeted therapies using an agitation-based 3D model of encapsulated spheroids. 

 

3.1.4. Preliminary experiments for assessment of the effect of T-ADCs in long-
term encapsulated 3D co-cultures of HCC1954 with hDFs 

One of the future aims of this project would be to add other relevant TME cells relevant to this model as 
previously shown by the host Lab and published in the work by Estrada et al.82 This approach will enable us 
to evaluate the influence of non-tumorous cells on the effect of drugs such as ADCs in a more complex 
reconstructed TME. In particular, we intended to assess the effect of stromal cells upon response to ADCs, 
which has been previously described,82 to influence tumorigenicity in vitro, namely by promoting secretion 
of pro-inflammatory cytokines, deposition of ECM 133 and phenotypic alterations, typical of aggressive and 
advanced stages of cancer, which were not observed in the mono-cultures. Stromal cells have also been 
previously reported to promote cell resistance in HER2+ BC,134 possibly by the described mechanism of EGF-
related growth factors production by fibroblasts that constitutively activate EGFR, serving as oncogenic 
drivers in BC that promote resistance.135 

For this purpose, and to support the specificity of T-ADCs on HER2+ cells, immunofluorescence of 2D 
cultures of HCC1954 and hDFs was performed to characterize the presence of HER2 on the cell membrane 
(Figure 3.18). The result showed HER2 expression on the cell surface of HCC1954 cells, as expected (Figure 
3.18. A). Nevertheless, since HER2 also contains an intracellular tyrosine kinase domain,51 cytosol staining in 
HCC1954 was also observed. By opposition, no staining was depicted in hDFs (Figure 3.18. B). The specificity 
of the secondary antibody to c-erbB-2® is shown in Figure 3.18. C where no staining is observed for HCC1954 
cells without the primary antibody. Considering this result, it is expected that hDFs do not exhibit any 
sensitivity to T-ADCs challenge. 
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Figure 3.18. Characterization of HER2 detection in HCC1954 cells and hDFs in 2D, assessed by immunofluorescence. 
HCC1954 cells (A & C) and hDFs (B) were labeled for HER2 (green) with anti c-erbB-2® + AlexaFluor® 488 (A & B), or AlexaFluor® 
488 only (C). Cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue) for nuclei identification. Scale bars 
represents 200 μm. Representative images from one experiment. 

 

A preliminary 2D culture and drug challenge of hDFs, similar to the one described in results section 3.1.1, 
was applied to further confirm this hypothesis. Drug challenge was conducted with trastuzumab and T-DM1 
for 2 weeks (since cell growth ratio is longer for primary hDFs) at 5 serial concentrations (0.001 to 10 μg/mL) 
and the effect was assessed by cell viability, measured by crystal violet assay (Figure 3.19).  

 

 
Figure 3.19. Effect of trastuzumab and trastuzumab-DM1 (2-week challenge) on the cell viability of hDFs in 2D cultures. 
Cell viability is represented as percentage relative to vehicle control. Data shows mean ± SD of 2 independent experiments. 
Presence of outliers tested using Grubb’s Test, alpha 0.05. T = trastuzumab, T-DM1 = trastuzumab-emtansine. 

 

Analysis of cell viability upon drug challenge showed similar behavior between hDFs and HCC1806 2D 
cultures (Figure 3.8. B). Overall, there is no significant effect on the reduction of cell viability by T-DM1 in 
comparison to trastuzumab (exception made to 10 μg/mL), similarly to the effect observed in the TNBC cell 
line. However, at the higher drug concentration, 10 μg/mL, there is a slight decrease of approximately 22% 
in cell viability associated with T-DM1 which is considered to be a result of unspecific effect derived from 
high drug concentration, in accordance with the observed effect in HCC1806 2D cultures reported above 
(87% reduction at the highest concentration). Having this in mind, one can conclude that hDFs are not 
sensitive to the effect of T-ADCs, so that, when co-cultured with HCC1954 spheroids, any cytotoxicity would 
only derive from the effect of T-ADCs towards cancer cells, which could be potentially modulated or not by 
the presence of hDFs, due to paracrine interactions and crosstalks established between both cell types. 
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Finally, a preliminary experiment consisting of HCC1954 mono- and co-culture with hDFs was performed 
to assess cell viability of the mono- versus the co-culture (Figure 3.20). It was observed a homogeneous 
distribution of fibroblasts and tumor spheroids within alginate spheroids, and that co-culture in shake flasks 
could be maintained at least 2 weeks without loss of cell viability. In addition, upon visual analysis, it was 
observed how, over time, spheroids have increased in size, suggesting tumor cell growth in both cultures.  

 

 
Figure 3.20. Characterization of cell viability of HCC1954 mono-culture and HCC1954 & hDF co-culture in encapsulated 3D 
spheroids (over 14 days) assessed by fluorescence microscopy. (A) HCC1954 mono-culture. (B) HCC1954 & hDF co-culture 
(ratio 1:1). Staining with FDA (green) shows live cells and staining with TO-Pro®-3 (red) shows dead cells. Scale bars represent 
200 μm. Representative images from one experiment. 

 

As such, in future experiments, we intend to perform drug challenge of these long-term mono- and co-
culture models with all T-ADCs and mAb at the selected concentration from Figure 3.17 and Table 3.14 
analysis. This would allow a thorough characterization of ADCs effect in an in vitro TME composed by 
different cell types and assess if acquired resistance mechanisms could be observed. To fulfil this purpose, 
some possibilities would rely on assessment whether reduced HER2 expression in HCC1954 cells co-cultured 
with hDFs could be determined 136 or if accumulation of ECM could be measured. Indeed, this last aspect was 
previously reported by the host Lab using lung cancer cells.82 Stroma-targeting ADCs, in particular, have been 
described to elicit potent anti-cancer activity through an unexpected killing mechanism termed DAaRTS (drug 
activation and release through stroma), where tumor microenvironment localizes active drug at the tumor 
site and, following capture of ADC, stromal cells release MMAE free drug, killing nearby proliferating tumor 
cells in a target-independent manner.137 Unfortunately, due to time limitations, these experiments were not 
pursued within the scope of this MSc thesis but remain an interesting point to develop. 

Interestingly, a previously mentioned work from the host Lab by Cartaxo et al., 2020 119 provides a useful 
computational diffusion model to study Ab transport within the employed in vitro encapsulated tumor 
spheroids BC model, assessing Ab penetration in alginate, diffusion to tumor spheroids and even effect of 
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other cellular components, such as fibroblasts on these precise mechanisms. This platform could be further 
developed and combined with the described experimental model to assess the therapeutic antibody 
distribution within a recreated TME, not only to decipher how non-tumorous elements (as fibroblasts and 
collagen) interact with the tumor cells or TME in general and how they can influence drug transport, but also 
to work as a predictive tool. This would help reducing experimental burden and costs by identifying specific 
conditions of interest for experimental testing. 

In summary, T-ADCs effect was shown to be specific for HER2+ HCC1954 cell line, and that 3D cultures 
require longer drug challenge periods and higher drug concentrations to observe an equivalent effect of T-
ADCs to the one observed in 2D cultures. Moreover, both HCC1806 TNBC cell line and hDF cells were shown 
not to be specifically targeted by T-ADCs, although HCC1806 was sensitive at the highest concentration.  

This system has then proven to be suitable to analyze the potential effect of T-ADCs and has shown their 
increased effect on both reduction of cell viability and metabolic activity or increase in apoptosis induction 
and cytotoxicity in comparison to the mAbs alone. This effect was quantified in long-term 3D cultures 
resulting in determination of the EC50. Moreover, preliminary experiments regarding HCC1954 and hDFs co-
cultures were carried out, demonstrating successful encapsulations which were homogeneous and 
maintained high cell viability over 2 weeks.  

As such, addressing the relevance of 3D co-cultures of tumor cells with hDFs remains an interesting future 
point to pursue, since it represents trastuzumab-induced apoptosis better than 2D mono-cultures 139 and 
considering that stroma has been particularly described to be related to T cell resistance.138 Nevertheless, to 
the best of our knowledge, none of the studies reporting the use of 3D spheroid cultures have assessed the 
effect of tumor cell co-cultures in response to T-DM1 or BC ADCs in general. Other co-culture models of 
tumor cells with NK cells, for instance, have been described for assessment of the effect of T-DM1 on 
overcoming trastuzumab resistance 140 but their use was limited to 2D cultures. In contrast, models based 
on tumor organoids, that have recently drawn major interest, face a major limitation due to absence of 
stroma, blood vessels and immune cells,94 which could be accomplished in our 3D model by incorporation of 
fibroblasts, endothelial cells and/or monocytes, for example.  
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3.2. Assessment of the potential of endocrine therapies using an ex-
vivo ER+ BC PDE model  

In the context of the second objective comprised by this thesis, patient-derived explants were kindly 
provided by Dr. Saudade André from IPOLFG, thanks to the fruitful collaboration established with iBET. 
Following the protocol implemented by the Lab, processed and encapsulated BC microtissues show 
maintenance of high viability, tissue heterogeneity, active ER expression and signaling and active 
metabolism.91 At the same time, this strategy allows maintenance of original ECM components, preserving 
the desired tumor-stroma crosstalk and cell-cell contact by keeping the original tumor architecture. In the 
scope of this objective, we wanted to assess the amenability to use this BC ex vivo model to evaluate the 
antiestrogenic activity of targeted drugs. For this, we challenged the model with standard-of-care anti 
endocrine drugs, tamoxifen and fulvestrant, and analyzed ER downstream signaling by RT-qPCR. The general 
strategy used within this model is represented in Figure 3.21. 

 

 
Figure 3.21. Schematic representation of the experimental design used for the ex vivo patient-derived explants culture and 
for the drug challenge. Tumor samples were mechanically processed, mildly digested and encapsulated in alginate to 
generate the ex vivo patient-derived explants model, which was subjected to challenge. Image created with BioRender ©. 

 

Due to primary material limitation during the MSc thesis, we have only received four BC samples, of which 
one stands of particular relevance for being a male breast cancer (MBC) sample. This MBC sample, B104, had 
yet the particularity of being of mucinous type (or colloid), which comprise only 1% of the MBC cases.32 

 

 

Figure 3.22. Sample B104: Mucinous (M) and Tumorous (T) component of a male breast cancer patient-derived explant 
(PDE). B104 sample information described in Table S.15. 

Mucinous
Component

Tumorous
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Mucinous BC is characterized by clusters of generally small and uniform cells floating in large amounts of 
extra-cellular mucin.16 Mucin is a heavily glycosylated protein produced by epithelial cells to form a mucous 
protective barrier.16 Classic mucinous carcinoma is composed of more than 90% mucin (pure), although most 
common are mixtures with invasive carcinoma (IC) of no special type (NST).16 B104 sample (Figure 3.22) was 
a mixed tumor and indeed possessed both an invasive mucinous carcinoma (IMC) component (B104 M) and 
an IC NST component (B104 T), reason why they were cultured as two independent samples. 

For the drug challenge, tamoxifen and fulvestrant, both ER antagonists used in clinic as first line of 
treatment for ER+ BC, were applied as a proof of concept to validate the model for further use in novel 
endocrine drugs development. Previous drug challenge experiences have been performed in the host Lab, 
only with fulvestrant (not tamoxifen). That data has shown that PGR and TFF1 gene expression could not be 
properly assessed upon fulvestrant challenge, since that in the majority of the samples high Ct values were 
close to the detection limit and reliability of the PCR equipment. On the contrary, AREG resulted in being the 
highest expressed ER target gene and we could observe significant AREG gene expression reduction upon 
fulvestrant challenge.91 Bearing that in mind, we optimized the method for qPCR-based readout, including a 
24 h stimulus with 17β-estradiol (E2) to activate ER signaling and allow both for 1) assessment of ER 
maintenance upon ex vivo culture and 2) facilitate qPCR-based analysis upon endocrine drug challenge, due 
to lower starting Ct numbers. A schematic of the estrogen stimulus and drug challenge experimental design 
used is represented in Figure 3.23. During 18 days drug challenge, two HMEC medium variants were used, a 
completed and a depleted one, as following described. 

 

 
Figure 3.23. Schematic of the estrogen stimulus and endocrine drug challenge applied to the ex-vivo patient-derived 
explant (PDE) culture. Drug challenge with tamoxifen or fulvestrant (1 μM) was conducted for 18 days and estrogen stimulus 
(10 nM) applied for the last 24 h. PDE were cultured in HMEC completed medium and 3 days prior to estrogen stimulus 
replaced with HMEC depleted medium. 

 

Culture in complete medium is specific for the needs of mammary epithelial cells and should promote 
epithelial tumor cell growth. The need for replacement of this medium with one depleted of EGF, insulin and 
hydrocortisone prior to estrogen addition is dictated by the fact that these factors participate in ER signaling 
cascade and promote activation of downstream gene expression, independently from E2 presence. EGF and 
insulin, which stimulates IGF-I, both stimulate ER's transcriptional activity in an estrogen-independent 
manner through MAPK signaling pathway, for instance,141 while glucocorticoids, such as hydrocortisone, 
inhibits estrogen-regulated ER+ BC cell proliferation.142 E2 stimulation was applied in both challenged 
conditions and in an unchallenged condition (control), so that from one side we would have an indirect 
control of ER presence (activation of ER transcriptional activation) and, at the other side, a better evaluation 
of the effect of standard-of-care endocrine drugs. 
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3.2.1. Gene and protein expression profile of ER and associated genes in ex vivo 
PDE cultures. 

In BC patients, about two-thirds of tumors are ER+ and 50% of these are estrogen-dependent and respond 
to endocrine therapy. 143 Additionally, BC occurring in post-menopausal women are often ER+ and many of 
these tumors significantly express more ER than the normal mammary epithelium.143 With this in mind, 
maintenance of ER signaling is crucial for the correct recapitulation of in vivo ER+ tumors. However, since the 
loss of ER expression in 2D cultures is a well-known phenomenon,91 we started by evaluating the 
maintenance of ER signaling in an ex vivo 3D model of PDE, described to be amenable for this effect.90,91 

For this purpose, gene expression of ER and downstream regulated genes PGR, TFF1 and AREG was 
analyzed as depicted in Figure 3.24. PGR is the gene encoding progesterone receptor (PR) and a directly 
induced target gene of ER, involved in cell proliferation and with an estrogen response element (ERE) half 
site.2,144 TFF1 gene encodes trefoil factor 1, a secreted protein, with possible cell tumorigenesis functions in 
mammary cells,28 which is a classic example of an estrogen-direct induced gene, since its promoter displays 
an estrogen response element (ERE) at 400 bp before TFF1 transcriptional starting site.145 Lastly, AREG 
encodes amphiregulin, a protein member of EGF family regulated by ER and that binds to EGF promoting 
mammary gland development and it has been involved in BC tumorigenesis.27  

Although E2 is expected to stimulate expression of ER associated genes, ER itself appeared downregulated 
(Figure 3.24) as previously described by Borrás et al., 1994 146 and Liu & Shi, 2015 147 as a negative feedback 
mechanism. As to PGR, TFF1 and AREG, it is observable an overall increase in gene expression upon E2 
stimulation, although with significant differences in magnitudes among them (up to 6-fold increase in PGR, 
18-fold in TFF1 and 11-fold in AREG). Even though, one can notice that some samples do not exhibit such a 
prominent overexpression of these genes when compared to other samples, which is attributable to the 
heterogeneity of PDE response from different donors, the general effect is in accordance with the expected 
findings. Interestingly, some samples (B95, B96 and B97) even showed down expression of PGR (Figure 3.24), 
but assessment of all genes showed no contradictory result simultaneously in all of them, supporting the 
different compensatory mechanism observed in vivo that can influence and mediate alternative responses.  

 

 
Figure 3.24. Effect of estrogen (E2) stimulus on the relative gene expression profile of ER and its target genes (PGR, TFF1 
and AREG) in 18-days ex vivo patient-derived explant (PDE) culture, assessed by RT-qPCR. Fold change in relative gene 
expression of (A) Estrogen Receptor (ER), (B) Progesterone Receptor (PGR), (C) Trefoil Factor 1 (TFF1) and (D) Amphiregulin 
(AREG) upon 24 h estrogen stimulus (10 nM). Values were normalized to the expression of housekeeping genes 36B4 and 
RPL22 and are represented as fold change relative to vehicle control (dashed line at y=1). Data shown as mean of technical 
triplicates determined by 2-ΔΔCt method. 
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In line with these observations, and since B104 starting material allowed, additional cultures with E2 
stimulus were kept for protein extraction to assess both ER and PR detection by western blot (Figure 3.25). 
A control of MCF-7 protein extract was also loaded as a control. MCF-7 is a luminal ER+/PR+ cell line that acts 
as a control of basal detection levels of the assessed proteins. 

 

 
Figure 3.25. Effect of estrogen (E2) stimulus on the ER and PR protein detection levels in 18-day ex vivo B104 (T) and (M) 
patient-derived explant culture, assessed by western blot. Observed effect upon 24 h E2 stimulus (10 nM) and compared 
relative to vehicle control. MCF-7 [ER+ / PR+] cell line was used as a positive control; β-tubulin was used as a loading control. 
Uncropped scans of western blots are shown in Figures S.29 to S.31. 

 

Analyzing the results from protein detection (Figure 3.25) it is possible to observe how ER protein level 
decreased upon E2 stimulus in both B104 (T) and B104 (M) samples, which is in agreement with previous 
studies 147 and relative gene expression levels as here reported (Figure 3.24). As to PR, two isoforms, PR-A 
and PR-B,148 were identified, and their detection levels were clearly induced by E2 in these samples. Same 
trend was observed at RNA level (Figure 3.24), indicating that E2 stimulus induced de novo PGR gene 
transcription and PR protein synthesis. 

Interestingly, the previous ER and PR protein detection levels (Figure 3.25) of B104 (T) versus B104 (M) 
sample is in accordance with the observed result from gene expression analysis (Figure 3.24) in which, upon 
E2 stimulus B104 (T), shows a less marked reduction in detection of ER but higher detection of PR, once again 
asserting the good correlation observed on the results obtained by these two complementary techniques.  

Finally, β-tubulin, which was used as a loading control, depicts two bands where only one was expected. 
This result might be explained by partial protein degradation which become appreciable for highly expressed 
proteins such as β-tubulin. Future assays could include addition of an extra protease inhibitor cocktail to 
preserve samples from protease degradation. At the time the western blot was performed, this was not 
considered an issue since samples were used within one month of protein extraction and stored at -80 °C for 
a more stable conservation. Furthermore, extraction was performed with Laemmli lysis buffer, a denaturing 
buffer containing SDS, and whose protocol includes a boiling step, which is assumed to inactivate cellular 
enzymes like proteases.149 

Taken together, these results suggest that ER signaling in these samples and under these culture 
conditions was maintained, since we could observe ER preservation at RNA and protein level, as well as 
downregulation of ER signaling upon challenging, similar to what had previously been reported for the 
model.90,91 As aforementioned, maintenance of ER signaling was crucial for the relevance of the ex vivo PDE 
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model.150,151 With this evaluated, we would next challenge the model with anti-estrogenic therapies since ER 
regulates the expression of a variety of genes including some growth factors, hormones and oncogenes with 
important role in the pathogenesis and maintenance of breast cancer.143  

 

3.2.2. Assessment of the effect of endocrine therapy challenge in gene 
expression profile of ER and associated genes in ex vivo PDE cultures. 

After assessment of ER signaling and maintenance, we addressed the amenability of the model to 
evaluate endocrine therapies potential. After 18 days of tamoxifen or fulvestrant challenge, gene expression 
profile of ER and downstream regulated genes PR, TFF1 and AREG was assessed. In Figure 3.26 it is 
observable the relative gene expression of ER and associated genes upon estrogen stimulus and tamoxifen 
or fulvestrant challenge.  

 

 
Figure 3.26. Effect of estrogen (E2) stimulus and endocrine drug challenge on the relative gene expression of ER and its 
target genes (PGR, TFF1 and AREG) in 18-days ex vivo patient-derived explant (PDE) culture, assessed by RT-qPCR. Fold 
change in relative gene expression of (A) Estrogen Receptor (ER), (B) Progesterone Receptor (PGR), (C) Trefoil Factor 1 (TFF1) 
and (D) Amphiregulin (AREG) upon 18-days tamoxifen or fulvestrant challenge (1 μM) and 24 h estrogen stimulus (10 nM). 
Values were normalized to the expression of housekeeping genes 36B4 and RPL22 and are represented as fold change relative 
to vehicle control (dashed line at y=1). Data shown as mean ± SD of technical triplicates determined by 2-ΔΔCt method. Error 
propagation of the standard deviation was calculated as described in Formula 1 from section 2.2.6. 
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The aforementioned effect of ER downregulation upon E2 stimulus (Figure 3.24) is once again observed, 
compared to unchallenged condition, in PDE exposure to E2 plus endocrine drug challenge (Figure 3.26), and, 
as such, all other conditions appear downregulated as well. In relation to PR, TFF1 or AREG, an increase in E2 
stimulated condition is overall observed in all PDE samples, as previously described. Nevertheless, in 
presence of treatment (and E2 stimulus), either with tamoxifen or fulvestrant, all the assessed genes were 
downregulated in comparison to the E2 stimulus alone, following the predicted response. The combined 
analysis of ER and these three associated genes allowed evaluation of ER signaling response. As such, we 
could assess whether at least one of these gene expressions would be impaired upon drug challenge, since 
PDE tissue heterogeneity can translate in differential drug or stimulus response 96 which, in fact, it could. 

A closer analysis of Figure 3.26 also shows how fulvestrant results in an increased down expression of the 
assessed genes in the majority of PDE samples, compared to tamoxifen. One explanation to this observation 
might be provided by the distinct mechanism of action of these compounds. While fulvestrant, a SERD, binds 
irreversibly to ER and leads to its destabilization and consequent degradation, tamoxifen, a SERM, acts as an 
antiestrogen that competes for ER binding.45 As such, over time, and upon drug challenge, it is expected that 
cells from fulvestrant-challenged condition no longer present ER, while in tamoxifen-challenged PDEs, ER is 
present. Under this scenario, cells in tamoxifen challenged conditions have functional ER, where an 
antagonism effect between estrogen and tamoxifen occurs, which may explain the higher residual estrogen 
receptor activation in tamoxifen exposure when compared to fulvestrant. 

The previous results of relative gene expression were also analyzed by normalization to the E2 stimulated 
condition to quantify the downregulation observed (Figure 3.27), and relative gene expression transformed 
by Log2 so that values below one appear as negative values. 

 

 
Figure 3.27. Effect of endocrine drug challenge on relative gene expression profile of ER and its target genes (PGR, TFF1 
and AREG) in 18-days ex vivo patient-derived explant (PDE) culture stimulated with estrogen (E2), assessed by RT-qPCR. 
Log2 of relative gene expression of conditions challenged for 18 days with endocrine therapies tamoxifen or fulvestrant (1 
μM) and upon 24 h estrogen stimulus (10 nM). Values were normalized to the expression of housekeeping genes 36B4 and 
RPL22 and are represented as fold change relative to E2 stimulated condition. Data shown as mean ± SD of 5 independent 
biological sample experiments determined by 2-ΔΔCt method. Error propagation of the standard deviation was calculated as 
described in Formula 2 form section 2.2.6. Nonparametric Mann-Whitney U Test was performed. Significances are depicted 
as: n.s.: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.  

 

In this representation (Figure 3.27) there was no significant ER repression after endocrine challenge, 
which is not surprising since the E2 stimulus itself promoted already downregulation of ER through the 
aforementioned negative feedback mechanism. As Borrás et al., 1994 146 described, among the most 
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intensively studied negative modulators of ER levels are the estrogens themselves, through a phenomenon 
of homologous downregulation also called "processing". 

For the majority of the remaining genes (PGR, TFF1 and AREG) the effect of standard-of-care drug 
challenge resulted in their down expression, and fulvestrant in particular appears to have a stronger effect 
than tamoxifen in terms of suppression of ER signaling. This can be potentially explained by the differential 
mechanism of action of the two drugs mentioned above, although no significant difference was found 
between treatments, in line to what was previously described in randomized comparison trials.152,153 Even 
though, considering the general response, all of assessed genes have shown to be downregulated upon 
endocrine challenge as we expected. 

Pre-clinical models that are currently used as drug-testing platforms fall into three broad categories: in 
vitro, in vivo and ex vivo, and, as previously described, in vitro and in vivo models are often not recapitulative 
of the original human tumors.96 For ER+ BC in particular, while seminal ER signaling studies like the described 
E2-induced downregulation of ER 146 were performed in in vitro 2D cultures of established cell lines (MCF-7 
in that case), those models are simplifications of the in situ TME that have proven to lack cues which impact 
drug sensitivity. Although reconstruction approaches with combinations of non-tumor cell types have 
contributed to evaluation of drug responses and resistance, such in vitro models most often lead to loss of 
ER expression.91,143  

To tackle these challenges, alternatives rely on more complex existing models, such as patient-derived 
organoids (ex vivo) and patient-derived xenografts (in vivo), which have many advantages as already stated, 
but even these models suffer from intrinsic limitations. While organoids major drawback is their lack of 
stroma, blood vessels and immune cells,94 PDXs lack from not contextually preserving human tumor 
architecture and often relying on immunocompromised mice.72,96 Moreover, although PDXs are described 
to preserve histological and phenotypical characteristics of the primary tumor with an acceptable 60 to 80% 
graft success rate,72,99 it is established that original human TME is gradually replaced by murine cells, namely 
the stroma.154 As such, ER+ BC remains particularly challenging which results in low success rates of tested 
drugs in these models (4% to 7%), precisely due to the difficulty in recapitulating the in situ pathophysiology 
and TME characteristics.128 Nevertheless, to date, in vivo models, such as PDXs, remain the most used and 
trusted alternative to in vitro cell line-derived models.72,150,151 

By contrast, ex vivo PDE models facilitate drug testing of intact human tumors, and have proved to be 
particularly relevant in preservation of human TME,96,97,125 namely with maintenance of BC architecture and 
ER signaling, as recently described in the work of Cartaxo et al.91 from the host Lab. However, Muraro et al.90 
had also previously reported a similar ex-vivo model for assessment of drug response on BC primary tissue, 
precisely using fulvestrant (0.1 μM) although neither ER target genes were assessed. In this study, authors 
accomplished high cell viability, TME preservation and maintenance of ER up to 14 days culture of BC 
microstructures, when combining a collagen scaffold with a medium perfusion system. Despite of the many 
similarities, a striking difference to the model we employ is that BC tissue maintenance in the previous work 
is supported by taking advantage of collagen scaffolds. As aforementioned, these scaffolds are biologically 
active animal-derived biomaterials which bring variability, as well as environmental and ethical concerns, by 
opposition to the alginate scaffolds our model takes use of, which is a non-animal derived inert matrix. We 
can also argue that culture of the model we use is more feasible as it does not require perfusion-based 
bioreactor and, even more, that this model has previously been interrogated for 1 month of culture, without 
decline in cell viability of tissue microstructure, leaving us to hypothesize that the lifespan of encapsulated 
tissue microstructures could be extended for even longer periods, allowing for multiple drug challenge 
cycles, beyond 14 days.90,91 



 65 

In the established PDE ex vivo model we used, maintenance of ER signaling was indeed confirmed and we 
successfully performed anti-estrogenic challenge of primary BC microstructures. The results presented have 
thus shown that this 3D PDE model is amenable to be challenged with endocrine therapies and can provide 
a potential pre-clinical model for the assessment of the effect of similar targeted compounds. This provides 
an interesting and useful tool to address the increased resistance of current therapies, while it widens the 
perspective for implementation of personalized medicine in a nearby future.96 

In summary, while it is our view that no preclinical model can fully recapitulate the complexity of tumors 
or the physiological parameters determining intrinsic and acquired drug resistance, we consider that the best 
approach is to use a combination of models. With each model taking relevance in its rightful place, BC 
research can gain the most insightful information on drug responses, metabolism, pharmacodynamic 
biomarkers, etc. prior to clinical translation. PDEs in specific, have not been extensively incorporated into the 
cancer drug development pipeline so far, despite strong evidence of their clinical predictivity although they 
should be considered a powerful pre-clinical platform for generating proof-of-concept information.96 As 
such, with this work we have extended the reported findings on the effect of endocrine therapies in ER+ 
PDEs, and thus contributed to promote the model as a predictive tool for therapy response that could be 
established and incorporated in preclinical evaluation of anti-cancer drug development. 
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Chapter 4. Conclusion 

 

In this work, in vitro and ex vivo 3D BC models previously developed by the host Lab have been established 
as an amenable platform to evaluate the potential of novel targeted compounds in pre-clinical drug 
development stages through the assessment of the effect of targeted therapies, namely anti-estrogenic and 
anti-HER2 therapies. 

Following established methodologies, cell spheroids from trastuzumab-resistant HER2+ cell line (and 
TNBC cell line as a control) were generated and encapsulated in a hydrogel scaffold. Using a TME 
reconstruction approach, challenge of an in vitro model with mAb trastuzumab and T-ADCs was successfully 
performed. The efficacy and specificity of T-ADCs was confirmed using metabolic activity, cell viability, 
assessment of apoptosis and cytotoxicity assays in 2D and 3D cultures. HCC1954 cells showed reduction in 
metabolic activity and cell viability in 2D upon drug challenge but required longer drug challenge periods and 
higher concentrations for observation an equivalent effect in 3D. Both the HCC1806 TNBC cell line and hDFs 
were shown not to be specifically targeted by the T-ADCs, although possible unspecific off-target effect might 
be observed at high ADC concentrations. In long-term 3D cultures, T-ADCs induced a higher reduction in cell 
viability and metabolism, associated with an increase in apoptosis induction and cytotoxicity in comparison 
to the mAb alone. The EC50 was determined and will be useful to design future drug challenges on mono- 
and co-cultures of HER2+ tumor cells with hDFs, to assess the effect in stromal-induced resistance. 

In parallel, it was performed ex vivo culture of ER+ encapsulated microstructures of patient-derived 
explants, pursuing a TME maintenance approach. The model was stimulated with E2 confirming the 
maintenance of ER signaling both at protein and gene expression level through upregulation of ER target 
genes and downregulation of ER itself, in agreement with the previously reported negative feedback 
mechanism. Challenge with the standard-of-care endocrine drugs, tamoxifen and fulvestrant, upon E2 
stimulus was shown to promote downregulation of ER target genes PGR, TFF1 and AREG, as predicted for ER 
antagonists. Fulvestrant showed increase effect in relation to tamoxifen, which has been postulated to derive 
from irreversible ER degradation by opposition to binding competition. 

In summary, this thesis has accomplished the proposed aim of assessing the amenability of previously 
established 3D BC models recapitulative of the tumor microenvironment for pre-clinical evaluation of the 
potential of novel targeted therapies. In future experiments, long-term drug challenge could be pursued 
using the in vitro models with all the T-ADCs, at the determined EC50 range. Comparison of mono- and co-
cultures of tumor cells with other TME components, such as stromal fibroblast would help characterize 
possible induced resistance mechanisms. In relation to the ex vivo BC PDE model, increase the number of 
biological samples of the PDE ex vivo model would help consolidate the observed results. 

Ultimately, this work has contributed for the development of a drug testing platform to study the 
increased resistance of current therapies while complying with the crescent policies for replacement and 
reduction of animal experimentation. 
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Figure S.28. Calibration curve of the number of capsules contained in a range of volumes of capsules suspension plated. 
Data shown as mean ± SD of eight technical replicates. Linear regression, with an R2 of 96.9%.  

 

 

 

Table S.15. Information of patient-derived explant samples. Histological classification and grade, TNM classification and 
immunohistochemistry status determined according to “World Health Organization Classification of Tumors of the Breast, 5th 
ed. (2019)” and provided by the cytopathology Lab - anatomic pathology unit of Instituto Português de Oncologia de Lisboa 
Francisco Gentil (IPOLFG). For histological classification purposes the following nomenclature was used: invasive lobular 
carcinoma (ILC), invasive carcinoma of no special type (IC NST), invasive mucinous carcinoma (IMC). For HER2 
immunohistochemistry status: negative (N). 

Sample Gender Age Histological 
Classification16 

Histological 
Grade16 

TNM 
Classification16 

Immunohistochemistry Status 

ER PR HER2 Ki67 

B95 Female 51 ILC G2 pT2 pN1a 100% 80% N 25% 

B96 Female 69 IC NST G2 pT1c pN0 100% 95% N 20% 

B97 Female 65 ILC G2 pT1c pN0 100% 95% N 15% 

B104 Male 65 
IC NST 40%  
& IMC 60% G2 pT3 pN0 100% 100% N 35% 
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Figure S.29. Uncropped scan of ER western blot. Primary antibody: anti-estrogen receptor α (1D5) from Invitrogen (#MA5-
13191), IgG from rabbit (monoclonal), was used at 1 : 500 dilution. Secondary antibody: ECL anti-rabbit HRP-Linked from GE 
Healthcare (#NA934), IgG from donkey (monoclonal) was used at 1 : 20 000 dilution. Detection with Amersham ECL Select 
western blotting detection reagent from GE Healthcare (#RPN2235), was performed in a ChemiDoc XRS+ Imaging System 
(Bio-Rad), using Chemi Hi Sensitivity protocol for Blots. 

 

 
Figure S.30. Uncropped scan of PR western blot. Primary antibody: anti-progesterone receptor (1E2) from Ventana (#790-
2223), IgG from mouse (monoclonal), was used at 1 : 100 dilution. Secondary antibody: ECL anti-mouse HRP-Linked from GE 
Healthcare (#NA931), IgG from sheep (monoclonal) was used at 1 : 20 000 dilution. Detection with Amersham ECL Select 
western blotting detection reagent from GE Healthcare (#RPN2235), was performed in a ChemiDoc XRS+ Imaging System 
(Bio-Rad), using Chemi Hi Sensitivity protocol for Blots. 
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Figure S.31. Uncropped scan of β-Tubulin western blot. Primary antibody: anti-β Tubulin (H-235) from Santa Cruz 
Biotechnology (#SC-9104), IgG from mouse (polyclonal), was used at 1 : 1 000 dilution. Secondary antibody: ECL anti-mouse 
HRP-Linked from GE Healthcare (#NA931), IgG from sheep (clonal) was used at 1 : 20 000 dilution. Detection with Amersham 
ECL Select western blotting detection reagent from GE Healthcare (#RPN2235), was performed in a ChemiDoc XRS+ Imaging 
System (Bio-Rad), using Chemi Hi Sensitivity protocol for Blots. 

 
 


